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Chapter 1 
 
Introduction 
 
 
General introduction 
The common white button mushroom (Agaricus bisporus) is one of the most well-known 
mushrooms. Cultivation of mushrooms in general, represents a technology in which low-
cost lignocellulosic agricultural (waste) products are converted into a high value human 
food crop. As a result of technical achievements during the last decades, the commercial 
cultivation of edible mushrooms has expanded all over the world and production rates 
increased from 300.000 tonnes in 1970 to over 3 million tonnes of fresh weight 
mushrooms in 2003 (FAOSTAT Database). The Dutch mushroom industry fulfills a 
prominent role. After China and the USA, the Netherlands have the highest mushroom 
production, of which a large part is exported. 
Despite the enormous potential of the mushroom cultivation, the commercial importance 
and the high economic value, relatively little is invested in the research of physiological 
and biochemical processes which are fundamental to mushroom growth. New 
fundamental knowledge is necessary to keep the mushroom business healthy and will help 
to explore new areas in mushroom cultivation.  
 
Growth of Agaricus bisporus 
General biology of Agaricus bisporus 
Within the Kingdom of Fungi, Agaricus bisporus belongs to the group of the 
Basidiomycetes which carry their sexual spores externally on structures called basidia. 
The most prominent characteristic features of a typical basidiomycete life-cycle are the 
formation of clamp connections after plasmogamy, and the formation of four spores on 
each basidium. Three major differences exist between the life-cycle of A. bisporus and 
that of the typical basidiomycete. In contrast to typical basidiomycetes, the majority of 
A. bisporus spores form a mycelium which is capable of producing fruit bodies 
(sporophores) without the need for interaction with mycelium bearing another mating type 
(self-fertile). This self-fertility of the mycelium originates from the special nature of 
A. bisporus spores, i.e. their basidia normally bear only two spores, due to their so-called 
secondarily homothallic life-cycle (Evans, 1959; Elliott, 1985; Kerrigan et al., 1993). 
Another difference between A. bisporus and typical basidiomycetes is the formation (after 
germination of the spores) of a multinucleate mycelium instead of a uninucleate 
mycelium. The number of nuclei in an A. bisporus cell varies from 1-25. A third 
distinguishing feature is the absence of clamp connections in the mycelium of A. bisporus. 
The synchronous division of nuclei, as observed in a typical basidiomycete mycelium, is 
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therefore absent. For a detailed description of the unique life-cycle of the white button 
mushroom the reader is referred to Wood (1984) and Baars (1996b). 
 
Cultivation of the commercial mushroom, Agaricus bisporus 
The heterotrophic and saprophytic fungus A. bisporus is commercially grown on compost 
prepared from a mixture of wheat straw, horse manure, chicken manure and gypsum 
which is subjected to an extensive fermentation procedure (Gerrits, 1974). The basic 
nutritional requirements of A. bisporus in vitro are known and in principle are easily met 
by the compost (Wood and Fermor, 1985). The purpose of the composting procedure is to 
prepare a medium that will favor growth of the mushroom in preference of other micro-
organisms (Fermor et al., 1985). However, the biological or chemical terms of this 
selectivity are largely unknown (Straatsma et al., 1989; Smith et al., 1995). After 
completion of the composting process, the compost mainly consists of the plant derived 
components (lignin, cellulose, hemicellulose), protein and microbial biomass (Fermor and 
Wood, 1979). Electron microscopy studies (Atkey and Wood, 1983) and chemical 
analysis (Eddy and Jacobs, 1976) have shown that during composting the straw surfaces 
become coated with an amorphous polysaccharide matrix in which microbial cells and 
debris are embedded. 
The lignin fraction encrusts cellulose and is chemically bound to hemicellulose (Cullen 
and Kersten, 1996) making the compost a poor substrate for many microorganisms other 
than A. bisporus. It is thought that the thermophilic fungus Scytalidium thermophilum 
adds to the selectivity of the compost. The growth promoting effect on mycelial growth of 
A. bisporus was positively correlated with the yield of mushrooms (Straatsma et al., 1989) 
and might result from a protection against negative effects of compost bacteria on growth 
of A. bisporus.   
After composting, spawn, i.e. millet grains covered with A. bisporus mycelium is 
introduced as inoculum into the compost and finally, after full colonization of the 
compost, development of the fruit body is initiated after covering the compost with a layer 
of casing soil. Mechanisms underlying fruit body initiation and subsequent development 
of mature fruit bodies are not fully understood. A range of abiotic parameters including 
temperature, CO2 concentration, humidity and pH have been shown to influence fruit 
body initiation markedly (Flegg and Wood, 1985). The key factor is thought to be the 
presence of bacteria normally found in soil (Eger, 1961; Wood, 1976). Several types of 
bacteria were found in the hyphal environment and some were attached to the hyphae with 
filament-like structures (Masaphy et al., 1987). Pseudomonas putida has been identified 
as the most prominent species (Rainey and Cole, 1987; Miller et al., 1995) and was shown 
to induce formation of fruit body initials upon addition to sterilized casing soil (Hayes et 
al., 1969; Reddy and Patrick, 1990). Normal fruiting on activated charcoal as casing layer 
suggested that the micro-organisms in the casing-layer remove one or more fruiting 
inhibitory compounds produced by the mushroom mycelium itself (Eger, 1961; Long and 
Jacobs, 1974; Wood, 1984). For a detailed description of the commercial cultivation 
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procedures of the white button mushroom the reader is referred to other reviews (Wood, 
1984; Van Gils, 1988; Baars, 1996b). 
1 2 3 4
5 6 7
Fig. 1: Morphology of fruit bodies at progressive developmental stages. Sporophores at stages 1 
to 7 (drawn from photographs) are conform the developmental stages suggested by Hammond 
and Nichols (1977). 
Fruit body development 
Mushrooms, the fruiting bodies of basidiomycetes are produced as specific sexual organs 
(for spore production) on undifferentiated mycelium generated by vegetative growth. 
Development of the A. bisporus fruit body begins with hyphae consolidating into a 
mycelial cord, an undifferentiated fungal tissue, by adhesive mucilaginous substances 
(Umar and Van Griensven, 1998). Under cultivation conditions multiple primordia, 
consisting of frequently branching and actively growing mycelium, develop within or on 
top of the mycelial cords. Some of these primordia grow within two days to a length of 
about 6 mm, the primordial undifferentiated stage. Then their development either ceases 
or continues through a so called histo-organogenetic stage (Umar and Van Griensven, 
1997a), the onset of palisade hyphae, which are cells committed to differentiate to form 
the different types of cells, tissues and organs of the basidium. A process called 
‘morphogenetic or programmed cell death’ takes place making a circumferential hollow 
structure (Umar and Van Griensven, 1997b). This circular area develops rapidly to form 
an almost vertical positioned primary hymenial split in 6-7 mm primordia followed by the 
 9
Chapter 1 
basidial differentiation and the organization of the hymenium. When the primordia are 
about 10 mm tall, they already possess the primary lamellae and a small cavity as 
hymenial chamber. The passive movement of the primary hymenial split can be related to 
developmental stages of the primordia. Changes of the position and the direction of the 
hymenial split (or hymenial axis) can be measured as the β-angle between the hymenial 
axis and a vertical line (Umar and Van Griensven, 1996). At later stages of development, 
the different cell types and tissues can be distinguished with the bare eye and are 
described in more detail elsewhere (Craig et al., 1977; Craig et al., 1979; Umar & Van 
Griensven, 1997a) (Fig. 1).  
 
Physiological and osmotic aspects of fruit body development 
The rapid expansion of the mushroom sporophore is a most surprising phenomenon. The 
very rapid growth of the A. bisporus sporophore is largely caused by cell expansion due to 
osmosis driven water influx (Hammond and Nichols, 1976; Craig et al., 1981; Moore, 
1984). Hyphal growth of sporophores is believed to occur by diffuse extension of cell 
walls (Craig et al., 1977), which probably involves both turgor pressure and controlled 
construction of the cell wall. The physiology and mechanism of cell wall plasticity and 
rigidification and the insertion of new chitin microfilaments in a uniform intercalary 
fashion, is probably mediated by a constant unfastening and resealing of linkages between 
chitin and glucan. This process and the translocation of vesicles containing the necessary 
enzymes involved have been reviewed before (Gow, 1994; Gooday, 1995; Wessels, 1993, 
1994, 1999).  
The rapid expansion coincides with a period of cell expansion and relatively little cell 
division (Bonner et al., 1956; Craig et al., 1977; Moore, 1998). For cellular growth, the 
water potential and polyol/sugar content of the tissues are suggested to play a key role in 
the mechanism of water movement inside the sporophore. A number of metabolites such 
as urea, trehalose and mannitol were proposed to function as osmotic solutes in Coprinus 
cinereus (Moore, 1984) and A. bisporus (Fig. 2, See also ‘Significance of osmotic solutes’ 
described below). 
 
Fruit bodies accumulate mannitol; at the aggregate stage they normally had twice the 
mannitol content of their supporting mycelium, an accumulation continued throughout 
growth until the mature fruit body typically contained 25-35% mannitol as dry weight and 
sometimes as much as 50% (Rast, 1965; Hammond and Nichols, 1976). Labeling 
experiments showed that mannitol was turned over at a low rate in the fruit body 
(Hammond and Nichols, 1977) and served as a respiratory substrate in the later stages of 
development and in post harvest development. Mushrooms grown under salt stress 
accumulated larger amounts of mannitol (up to 60% of the dry weight) compared to the 
non-stressed mushrooms (Stoop and Mooibroek, 1998). The other major soluble 
carbohydrate of the sporophore, trehalose, is present in similar levels in both mycelium 
and sporophore and a decrease throughout the growth of the sporophore (Hammond and 
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Fig. 2: Changes in the non-structural carbohydrates, mannitol and trehalose, content during the 
sporophore development (from Hammond & Nichols,1976). • Gills, ■ Cap, ▲ Stipe. 
Nichols, 1976) was found. Mannitol in the sporophore was proposed to be the major 
carbohydrate to contribute to the osmotic potential of the fruit body (Hammond and 
Nichols, 1976).  
Some form of osmoregulation is suggested by a relatively constant polyol concentration 
on a total cell water basis during growth, despite a dramatic increase in mannitol content 
(Hammond and Nichols, 1976). 
In addition, fruit bodies of A. bisporus accumulate substantial amounts of urea. The 
amount of urea in harvested mushrooms increases tenfold, up to 1% of the dry matter of 
the fruit body (Hammond, 1979), which is not evenly distributed throughout the 
sporophore (Reinbothe and Tschiersch, 1962). Foret and Arpin (1991) found a decrease in 
urea content in the first stages of sporophore formation, and a slight increase urea content 
in fully opened cap tissue. However, Reinbothe and Tschiersch (1962) reported high urea 
accumulation in all tissues for the late stages of post harvest senescence with the highest 
accumulation in gill tissue. Accumulation of urea in cap tissue of C. cinereus was 
proposed to function as an osmotic solute which drives water into the cells of the 
mushroom tissue providing a driving force for the mushroom to expand (Moore, 1984).  
 
Postharvest development 
Cultivated A. bisporus is harvested at an immature stage prior to sporulation. The 
sporophore becomes isolated from its resources in the compost. However the sporophore 
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continues to develop similarly to the non-harvested mushroom (Hammond, 1979); the 
stipe grows longitudinally, the cap continues to expand, gill formation occurs and spores 
are produced (Braaksma et al., 1998). In spite of the morphological changes, the pileus of 
the mushroom as a whole does not enlarge. It was estimated that less than 20% of the cells 
are destined to grow by vacuolar expansion. This occurs presumably at the cost of cells 
reported to die in the harvested sporophore (Umar and van Griensven, 1997a; Braaksma et 
al. 1998). 
Prolonged storage results in tissue changes comparable to natural development observed 
in the uncut sporophore; tissue discoloration, loss of texture, localized cellular collapse 
and cell emptying (Evered and Burton, 1995; McGarry and Burton, 1994; Umar and van 
Griensven, 1997a). The high respiration rate of the harvested mushrooms is sustained, and 
large decreases of mannitol, trehalose and glycogen levels were found (Hammond and 
Nichols, 1975). Glycerol concentrations rose significantly in cap and upper stipe tissue 
after five days of storage, while initially this compound was only present in gill tissue 
(Beecher et al., 2001). Protein is the main source for nitrogen redistribution after 
sporophore harvest. The level of soluble protein in sporophore tissues decreases by 30-
70% during five days postharvest storage (Burton, 1988a), while levels of the nitrogen-
containing compounds, chitin, urea and cell wall associated protein increase after harvest 
(Hammond, 1979). Proteinase activity has been shown to be induced immediately after 
the harvest. The major proteolytic activity from mature fruit bodies was characterized as a 
serine proteinase (Burton, 1993a, 1993b). The serine protease levels also increased during 
the late stages of natural development and were higher in stipe than in cap tissue (Burton, 
et al., 1997a). 
Water and dry matter is redistributed internally, from the stipe to the cap and gill tissue 
(Burton et al., 1997a; Donker and Van As, 1999). The evolution and mechanisms of 
redistribution in the developing mushroom is still subject of scientific discussion. 
Numerous mechanisms have been proposed, such as diffusion, cytoplasmic streaming, 
osmotically driven flow, transpiration and bulk flow (Hammond and Wood, 1985). 
However osmotic potentials of tissues are proposed to be the basis of cell expansion and 
translocation after harvest.  
The whole process of post harvest ‘deterioration’ is described in literature as senescence, 
however other workers suggest that the harvested sporophore is subject to a ‘post-harvest 
stress disorder’ in response to water and nutritional limitation (Moore, 1998; Umar and 
Van Griensven, 1997a). The macroscopic postharvest changes are considered to be 
negative quality characteristics and therefore a great deal of research is focused on 
understanding postharvest development. The nutrient limited condition of the harvested 
fruit body results in a process described as resource recycling. This involves the 
breakdown of stored carbon and nitrogen in older parts of the organism for use in the 
actively growing regions (Burnett, 1968; Venables and Watkinson, 1989; Lilly et al., 
1994, 1991; Micales, 1992). 
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Significance of osmotic solutes 
In general filamentous fungi and yeasts control cytoplasmic osmotic pressure through ion 
accumulation and synthesis of compatible osmolites including polyols, proline and 
trehalose (Jennings, 1984, 1995; Griffin, 1994; Hounsa et al., 1998; Pfyffer et al., 1990). 
Osmolite accumulation drives a net osmotic flux of water into the cell, which is required 
for hyphal growth and hyphal turgor for invasive growth, stipe and cap elongation 
(Papendick and Mulla, 1986; Money, 1994, 1997, 1998; Jennings, 1995; Moore, 1984). In 
response to osmotic stress, fungi accumulate a variety of inorganic ions and organic 
molecules to maintain water influx (Jennings, 1984, 1995; Jennings and Burke, 1990). 
Changes in cytoplasmic osmotic pressure appear to be governed by the accumulation of 
osmolites that do not inhibit enzyme activity (Jennings and Burke, 1990; Clipson and 
Jennings, 1992).  
Mannitol is the most abundant sugar alcohol in nature, occurring in bacteria, algae, 
lichens, fungi, and many vascular plants (Jennings, 1984; Stoop et al, 1996). Mannitol has 
been reported to accumulate in response to environmental stresses such as salt stress 
(Jennings, 1984; Stoop and Pharr, 1994). Recent evidence obtained with plants and 
bacteria has shown that mannitol can act as compatible solute, a compound that can 
accumulate in the cytosol and prevent inactivation of metabolic processes (Kets et al., 
1996; Stoop and Pharr, 1994). 
Trehalose is widely distributed in a great variety of organisms including fungi (Thevelein, 
1983). The exact function of trehalose in these organisms is not clear. Besides its role as 
an important carbohydrate reserve in fungi and bacteria it is also thought to be a stress 
metabolite. In yeast the trehalose concentration increases during certain environmental or 
physiological stresses, such as heat, dehydration, radiation and sporulation (Thevelein, 
1983; Yoshinaga et al., 1984; Ferreira et al., 1997; Nwaka and Holzer, 1998). Trehalose 
appears to be one of the most effective saccharides in preventing phase transition events in 
the lipid bilayer in yeast cells, assorting a stabilizing effect, thereby protecting membranes 
against damage (Crow et al., 1983; 1984). In addition to trehalose, glycerol and proline 
have been shown to increase tolerance to freezing of yeast cells by preserving membrane 
structure and function during freezing (Rudolph and Crowe, 1985; Takagi et al., 1997). 
Proline was found to enhance the stability of proteins and membranes in environments in 
which the water activity was low or the temperature was high (Csonka, 1989), and to 
inhibit aggregation during protein refolding. A possible role as protein folding chaperone 
was suggested (Samuel et al., 2000). 
Glycerol is utilized as a compatible osmolite by diverse taxa within the fungi (Jennings, 
1984; Jennings and Burke, 1990; Hallsworth and Magan, 1996,; Money, 1994). Estimates 
suggest that some fungi accumulate high levels of this compound. High concentrations of 
glycerol were found in germinating spores of Phycomyces blakesleeanus (van Laere et al., 
1987), in halotolerant yeasts (Blomberg and Adler, 1992) and in appressoria of the rice 
blast fungus Magnaporthe grisea (De Jong et al., 1997). Glycerol accumulation may be a 
carbon-storage strategy for boosting cytoplasmic osmotic pressure and turgor, however 
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due to its small molecular mass, glycerol has a high permeability coefficient for passage 
through lipid bilayers relative to other uncharged, polar molecules.  
Osmometric data for polyols, proline and trehalose show a nonlinear relationship between 
concentration and osmotic pressure (Davis at al., 2000). At high concentrations larger 
polyols generated higher osmotic pressures than smaller ones, though differences between 
the osmotic effects of polyols with three, four, five and six carbon atoms were not 
pronounced at lower (physiological) concentrations. Proline was found to have a similar 
effect upon osmotic pressure as polyols with five carbon atoms. Its charged nature renders 
the molecule membrane impermeable and therefore theoretically an excellent substitute 
for polyols. Trehalose concentrations above 0.5 M generated higher osmotic pressures 
than 3C-, 4C-, 5C-polyols and proline. Mixtures of trehalose and glycerol boosted osmotic 
pressure in a synergistic rather than additive fashion. 
 
Carbohydrate metabolism in fungi 
Extracellular degradation of substrate polymers 
In general, fungi exhibit growth on a variety of structural carbohydrates present in forage 
fiber, such as cellulose and hemicellulose. For that purpose the fungus secretes a wide 
range of hydrolytic enzymes to degrade plant polymers to readily utilizable carbon 
sources. These enzymes include cellulases, hemicellulases, gluco-amylases and various 
disaccharidases (Sutton and Lampen, 1962; Ladisch et al., 1983; Dekker, 1985; Higuchi, 
1985; Erikkson et al., 1990; Buswell, 1991). Aerobic filamentous fungi (unlike anaerobic 
fungi) are also capable of degrading lignin, the most abundant form of aromatic carbon 
and second only to cellulose as the most abundant organic carbon source on earth (Kirk 
and Farell, 1987). Agaricus bisporus is commercially grown on composted plant residues 
highly selective for this fungus. It degrades cellulose and lignin, the latter through 
excretion of ligninolytic enzymes (Wood and Leatham, 1983; Durrant et al., 1991; 
Bonnen et al., 1994). 
Analysis of the major polymer fraction of compost during mycelial growth and fruiting 
revealed that lignin-protein complexes were degraded extracellular during mycelial 
growth (Gerrits, 1969). A change in fungal metabolism occurs during fruiting, resulting in 
a higher rate of cellulose and hemicellulose degradation (Wood and Goodenough, 1977). 
Laccase (polyphenol oxidase) concentration increased during mycelial growth of 
A. bisporus and then declined rapidly at the onset of fruiting, whereas endocellulase 
activity could be detected throughout growth but increased at fruiting (Claydon et al., 
1988). It was suggested that the expression of extracellular enzymes laccase and cellulase 
were associated with fruit body development. The controlled regulation of enzyme 
activity has been postulated to be connected to the necessity for a rapid rate and flux of 
carbon metabolism during fruit body morphogenesis (Claydon et al., 1988; Wells et al., 
1987). Laccase is the most abundant protein exported by the mycelium, the demand for 
nitrogen supplies during fruiting possibly requires reassimilation of excreted nitrogen-
containing compounds e.g. laccase (Flegg and Wood, 1985). Laccase was induced by 
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proteinacious substrate and repressed by ammonium while no regulation by carbon 
sources was observed (Wood 1980; Kalisz et al. 1986b). 
A. bisporus can mineralize living and dead microorganisms and utilize their cellular 
components as a sole source of carbon and nitrogen for growth (Fermor and Wood, 1981). 
Some bacterial cell wall degrading and bacteriolytic enzymes of A. bisporus have been 
described (Wood et al., 1988, 1989; Fermor, 1983; Grant et al., 1984, 1986; Lincoln et 
al., 1997). β-N-acetylmuramidase and N-acetyl-β-D-glucosaminidase activities were 
produced on a range of sole carbon sources, and on killed freeze-dried Bacillus subtilis 
cells. Both enzyme activities peaked as the first group of fruit bodies were harvested 
(Lincoln et al., 1997). A. bisporus grows readily on protein as a sole source of carbon, 
nitrogen and sulfur (Kalisz et al., 1986a) although thus far no single amino acid or organic 
nitrogen compound was shown to be a source for both nitrogen and carbon (Baars et al., 
1994). 
 
Cellular metabolism of carbohydrates 
In A. bisporus the Krebs cycle is blocked at the 2-oxoglutarate dehydrogenase complex 
(Le Roux, 1966; Rast et al., 1976). This complex may be functionally replaced by the 
enzymes of the 4-aminobutyrate shunt: glutamate decarboxylase, 4-aminobutyrate 
aminotransferase and succinate-semialdehyde dehydrogenase (Baldy, 1975, 1976, 1977) 
which makes nitrogenous compound as glutamate and 4-aminobutyrate intermediates of 
the citric acid cycle. In case of A. bisporus, studies on the carbon metabolism have been 
focused mainly on abundantly synthesized carbohydrates: mannitol and trehalose. 
In A. bisporus some remarkable differences have been observed in the carbohydrate 
metabolism of fruit body and vegetative mycelium. One of the most prominent features of 
A. bisporus fruit bodies is the accumulation of mannitol (up to 30-50% of the dry weight). 
Besides functioning as an osmolyte which accumulates in the fruit body during growth, 
mannitol might serve as a post-harvest reserve carbohydrate (Hammond and Nichols, 
1976; Hammond, 1981; Wood, 1985; Beecher et al., 2001). Synthesis of mannitol in 
A. bisporus occurs through the direct reduction of fructose by mannitol dehydrogenase in 
a NADPH-dependent reaction coupled to the glucose-6-phosphate dehydrogenase 
reactions of the hexose monophosphate shunt (Ruffner et al., 1978; Morton et al., 1985). 
Little is known about the mechanism of regulation of mannitol synthesis. Based on kinetic 
parameters it was concluded that in A. bisporus and Schizophyllum commune the 
reduction of fructose is much more subjected to regulation via substrate availability than 
the opposite reaction (Morton et al., 1985; Birken and Pisano, 1976). Therefore enhanced 
ratio of NADPH/NADP+ through increased levels of glucose-6-phosphate dehydrogenase 
activity at the onset of fructification (Hammond, 1981, 1985) and availability of fructose 
through acid phosphatase (Hammond and Nichols, 1977; Hammond, 1985) have been 
proposed to have a regulatory effect. Some authors suggest the enzymes mannitol 
dehydrogenase and glucose-6-phosphate dehydrogenase to be developmentally regulated 
(Stoop and Mooibroek, 1998; Wannet et al, 1999). 
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Concentrations of trehalose in A. bisporus during fruit body growth, declined in both fruit 
body and mycelium during fruiting. Moreover, there appeared to be a correlation between 
the amount of trehalose and flushing, and it was suggested that trehalose was synthesized 
in the mycelium and translocated to the emerging fruit body, thereby producing an 
uniform trehalose distribution in mycelium and fruit body (Hammond, 1981; 1985). A 
trehalose phosphorylase was shown to catalyze both trehalose degradation and synthesis 
and the presence of trehalases and the trehalose synthase complex was excluded in 
A. bisporus (Wannet et al., 1998). 
 
Nitrogen metabolism 
Although nitrogen metabolism is studied in a large variety of organisms, nitrogen 
metabolism in basidiomycetes has received relatively little attention. Fungal research has 
been focused mainly on the yeast Saccharomyces cerevisiae and the filamentous 
ascomycete fungi Neurospora crassa and Aspergillus nidulans. Not every detail of the 
nitrogen metabolism is common to all filamentous fungi but considerable similarity is 
suggested at least for ascomycete fungi. Using the scheme presented in Fig. 3: as a guide 
for relevant biochemical pathways, a summary will be given of what is known about the 
nitrogen metabolism of Agaricus bisporus. If there is no information available on the 
nitrogen metabolism in A. bisporus, the information available from other fungi will be 
shortly summarized. 
 
Extracellular degradation of nitrogenous compounds 
A. bisporus is able to use dead biomass of bacteria, actinomycetes or thermophilic fungi, 
isolated from compost, as a sole source of carbon, nitrogen and phosphorus (Fermor and 
Wood, 1981; Fermor and Grant, 1985). Experiments with 14C-protein hydrolysate as a 
component in the preparation of compost showed efficient mineralization of microbial 
biomass (Fermor et al., 1991). It was suggested that A. bisporus obtains the bulk of its 
carbon nutrition from plant polymers and that the microbial biomass acts as a 
concentrated source of nitrogen and minerals. Earlier it was shown that surface layers on 
straw consist of a polysaccharide matrix with microbial cells and debris embedded (Atkey 
and Wood, 1983; Eddy and Jacobs, 1976). This probably corresponds to the nitrogen-rich 
lignin-humus complex described by Gerrits et al. (1967, 1969). 
Barron (1988) showed that A. bisporus develops specialized directional hyphae that grow 
towards and subsequently penetrate bacterial colonies. These hyphae proliferate to 
produce coralloid, haustorial-like masses of absorptive hyphae and after lysis of the 
bacteria, the contents are taken up and used as a nutrient source. Extracellular β-N-
acetylmuraminidase and  β-N-acetylglucosaminidase, cell wall degrading enzymes 
responsible for lysis of microbial cells, were found in culture filtrates of mycelium grown 
on freeze-dried Bacillus subitilis (Fermor and Wood, 1981; Grant et al. 1984; Lincoln et 
al., 1997). In cultures grown on killed Scytalidium thermophilium β-N-
acetylgalactosaminidase and endo-1,3-β-D-glucanase were detected. Also proteinase, 
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DNase, RNase and lipase activities were found in culture filtrates. A. bisporus produces 
three types of proteinase (endopeptidases): acid, neutral and alkaline proteinase (Fermor 
and Wood, 1981; Fermor and Grant, 1985). A review on the biochemistry of proteinase 
from eukaryotic organisms is given by North (1982). An extracellular and intracellular 
prolyl endopeptidase was purified from A. bisporus culture filtrate and fruitbodies, 
respectively (Satter et al., 1990).  
Different intracellular proteinases have also been purified from fruit bodies (Kizuki and 
Moriya, 1982; Burton et al., 1993a) and may be involved in processes described as 
resource recycling. The serine proteinase described by Burton et al. (1993b) has also been 
found to be the major proteinase produced by A. bisporus mycelium in colonized compost 
suggesting a nutritional role for this enzyme (Burton et al., 1997b). 
Extracellular proteinases are probably immobilized on the mycelial cell wall or 
extracellular layers and are released into the culture fluid on depletion of the protein 
substrate (Kalisz et al., 1987). In defined media A. bisporus grows readily on protein as 
sole source of nitrogen, carbon and sulphur (Kalisz et al., 1986a). Protein utilization and 
extracellular proteinase activity are not repressed by addition of ammonium, glucose or 
sulfate to the media (Kalisz et al., 1987), in contrast to the repressing effect of ammonium 
on the use of alternative nitrogen sources in many yeasts and fungi (Jennings, 1988; 
Ahmad and Hellebust, 1991). Therefore, in A. bisporus proteinase production only 
depends on the presence of protein as inducer, whereas proteinase production in 
Aspergillus spp. and N. crassa is regulated by catabolite repression (Cohen, 1980).  
 
Uptake of nitrogen sources 
Nutrient acquisition is a highly regulated process that includes digestion, transport and 
subsequent metabolism. With regard to nitrogen metabolism in A. bisporus, the main 
function of the catabolic enzymes is to produce small solute molecules that can be 
transported across the cellular membrane. A detailed description of transport and 
regulation of uptake of nitrogen sources in A. bisporus has been given by Kersten (1999c, 
1999d).  
 
Primary ammonium assimilation 
Next to assimilation of extracellular NH4+, ammonium ions are also produced intracellular 
as a result of the turn-over of cellular components (ammonification). The assimilation of 
ammonium occupies a central position in nitrogen metabolism (Brown, 1980; Marzluf, 
1981; Jennings, 1988; Mora, 1990; Griffin, 1994). Once inside the cell, ammonium can be 
incorporated into the amino acids glutamate and glutamine by glutamate dehydrogenase 
(GDH) and glutamine synthetase (GS), respectively. Transfer of one amino group from 
glutamine to 2-oxoglutarate yielding two molecules of glutamate is catalyzed by 
glutamate synthase (glutamine:2-oxoglutarate aminotransferase, GOGAT). A. bisporus 
has two distinct glutamate dehydrogenases using NADH (NAD-GDH) or NADPH  
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 Fig. 3: Biochemical pathway of arginine and proline metabolism in Agaricus bisporus as 
modified from data on Neurospora crassa and Saccharomyces cerevisiae (Davis, 1986; 
Jennings, 1988). 
Introduction 
(NADP-GDH) as a cofactor (Moore and Al-Gharawi, 1976; Baars et al., 1995d; Kersten et 
al., 1999a).  
The primary ammonium assimilating enzyme system has been studied in detail by Baars 
(1996b) and Kersten (1999d). Both GDH’s and GS were purified and characterized (Baars et 
al., 1995d, 1995c; Kersten et al., 1999a) and the encoding genes and their transcripts were 
characterized (Schaap et al., 1996; Kersten et al., 1997, 1999a). Further, their regulation was 
studied (Baars et al., 1995b.; Kersten et al., 1998, 1999b). Activities of GDH and GS could be 
demonstrated in A. bisporus cell-free extracts of mycelium grown on compost extract agar, as 
well as in cell-free extracts of fruit bodies (Baars et al., 1994). Whereas GOGAT activity 
could be demonstrated in cell-free extracts of mycelium grown on compost extract agar. 
 15N-NMR labelling studies made clear that ammonium assimilation is mainly catalyzed by 
the enzymes of the GS/GOGAT pathway (Baars et al., 1995a). The high affinity of GS for 
ammonium allows this pathway to operate at low intracellular concentrations of ammonium 
and the minimal repression of ammonium on the transcriptional level of GS, support the role 
of this enzyme in the formation of glutamate (Kersten et al., 1998). Coupling of the two 
reactions (GS/GOGAT) allows the formation of glutamate in a physiologically irreversible 
manner. Characterization of the purified NADP-GDH revealed, based on Km values in vivo 
(Baars et al., 1995d), an anabolic role. This is the generally assumed function for NADP-
GDH (Arst et al., 1975; Kusnan et al., 1987; Martin et al., 1988; Miller and Magasanik, 1990; 
Schwartz et al., 1991). However a minor catabolic role in A. bisporus could not be excluded 
(Kersten et al., 1999a). 
In Coprinus cinereus the upregulation of NADP-GDH and GS in cap tissue (Stewart and 
Moore, 1974) was linked with the start of karyogamy (Moore et al., 1987a). An ammonium 
scavenging role was suggested for these enzymes to maintain an ammonium-free environment 
in a cell committed to sporulation; since such processes are inhibited by the presence of 
ammonium (Moore et al., 1987b) as was found in S. cerevisiae (Fowell, 1969; Tingle et al., 
1973; Freese et al., 1982).  
Glutamine, the final product of ammonium assimilation, is proposed as the central compound 
in nitrogen metabolite repression (Wiame et al., 1985; Mora 1990; Griffin, 1994). Glutamine 
donates its nitrogen by an irreversible transamidation, in contrast to glutamate, which donates 
nitrogen by reversible transamination reactions. All other amino acids derive their nitrogen 
atoms from glutamate and glutamine by transamination and transamidation reactions and have 
been reviewed by Pateman and Kinghorn (1976). Nucleic acids derive their nitrogen mainly 
from glutamine (Meister, 1980). Glutamate was found to act as the most prominent nitrogen 
donor in transamination reactions in both mycelium and fruit bodies of A. bisporus (Piquemal 
et al., 1972). Activities of the transaminating enzymes glutamate-oxaloacetate transaminase 
(GOT), glutamate-pyruvate transaminase (GPT) and alanine-glyoxylate transaminase (AGT) 
were demonstrated in cell-free extracts of mycelium grown on compost extract agar, as well 
as in cell-free extracts of fruit bodies (Baars et al., 1994). Time dependent incorporation, 
demonstrated in a [15N]-ammonium tracer experiment (Baars et al., 1995a), showed that 
glutamine, glutamate and alanine are labelled first. Nitrogen incorporated into glutamate is 
quite rapidly transaminated to alanine. This is consistent with the high activity of GPT found 
 19
Chapter 1 
in cell-free extracts of A. bisporus (Baars et al., 1994). As addressed in the previous section, 
carbohydrate metabolism in fungi, glutamate is also an intermediate in the 4-aminobutyrate 
shunt. In fruit bodies of C. cinereus the inoperative 2-oxoglutarate dehydrogenase is bypassed 
through the 4-aminobutyrate shunt (Moore and Ewaze, 1976). 
 
Urea metabolism 
Urea has long been known to accumulate in appreciable quantities in certain fungi. An 
extensive survey among higher fungi revealed that many fungi of the order Agaricales 
accumulate urea in their fruit bodies (Tyler et al., 1965).  Members of the family Agaricaceae 
were characterized by consistently large accumulations of urea in all genera examined 
(Chlorophyllum, Macrolepiota, Agaricus, Lepiota and Cystoderma). Urea levels appear to 
change during sporophore development. In early development the urea content decreased 
whereas in later stages of development the urea content increased again (Foret and Arpin, 
1991). However some inconsistencies exist in the reported urea levels (Iwanoff, 1923; 
Reinbothe and Tschiersch, 1962) which are probably caused by method of sampling, strain 
variations, substrate and culture conditions.  
In the harvested sporophore, urea was reported to increase tenfold within four days of storage 
at ambient temperatures (Hammond, 1979). Furthermore, urea was found not to be evenly 
distributed throughout the sporophore: its level in cap tissue proved to be five to ten times as 
high as in the stipe and almost twice as high in the peel (Iwanoff, 1923; Reinbothe and 
Tschiersch, 1962; Foret and Arpin, 1991). Production of urea is not limited to the fruit bodies. 
Piquemal (1970) reported urea levels up to 30% of the soluble nitrogen pool of vegetative 
mycelium.  
Despite the abundance of urea in A. bisporus and other Basidiomycetes very little is known 
about its physiological role (Foret, 1990). It was proposed that in fruit bodies urea is an end 
product of catabolic pathways (Reinbothe et al., 1967). Secondly, urea can function as an 
osmotic solute to facilitate translocation of water and metabolites in fruit bodies. Urea is 
chemically inert and highly soluble and therefore serves as an osmotically favorable form of 
fungal nitrogen reserve (Cochrane, 1958). Two major mechanisms for urea formation can be 
envisaged: nucleic acid degradation and the ornithine cycle. The latter was demonstrated to be 
the major route for urea synthesis in the fruit body of A. bisporus (Reinbothe et al., 1967).  
Urea can be converted to carbon dioxide and ammonia by different mechanisms. Urease 
catalyzes the hydrolysis of urea to CO2 and two molecules of NH4+ and has been isolated 
from various bacteria, fungi and higher plants (Hausinger, 1993). An alternative pathway, 
used by S. cerevisiae, is a two-step reaction. First urea is carboxylated to allophanate by urea 
carboxylase then allophanate is hydrolyzed to two molecules each of CO2 and NH4+ (Roon 
and Levenberg, 1970; Whiney and Cooper, 1970).  
 
Arginine and ornithine metabolism 
The synthesis of arginine involves three main steps: the synthesis of ornithine, the synthesis of 
carbamoyl phosphate and the conversion of these two compounds into arginine. The catabolic 
pathway consists of the hydrolysis of arginine to ornithine and urea, the breakdown of urea to 
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ammonia and carbon dioxide and the conversion of ornithine to glutamate and proline. For 
synthesis of ornithine two other routes can be envisaged: via pyroline-5-carboxylate (P5C) 
from glutamate or proline and via an acetylglutamate pathway. A map of the described 
biochemical pathways is given in Fig. 3. 
The synthesis of ornithine in N. crassa and S. cerevisiae takes place in mitochondria 
(Bernhardt and Davis, 1972; Cybis and Davis, 1975; Jauniaux et al. 1978; Weiss and Davis, 
1973) through the acetylated glutamate-ornithine pathway. It is believed that the acetyl group 
of the ornithine precursors chemically isolates this pathway from the proline biosynthesis by 
circumventing cyclisation of N-acetylglutamyl-5-semialdehyde. The pathway begins with the 
formation of N-acetylglutamate from glutamate in the acetylglutamate synthase reaction. 
N-acetylglutamate is converted in several steps to N-acetylornithine, followed by transfer of 
the acetyl group to another molecule of glutamate. This regenerates N-acetylglutamate as 
ornithine is formed. Most glutamate enters the pathway by this transacetylase reaction, rather 
than in the more costly acetylglutamate synthase reaction. The cyclic form of this pathway is 
not found in all bacteria (Haas et al., 1972; Cunin et al., 1986; Vogel et al., 1971). Mutants of 
N. crassa and S. cerevisiae carrying a mutation in this pathway were shown to be auxotroph 
for ornithine (Cybis and Davis, 1975; Jauniaux et al., 1978; Davis, 1979).  
In animals the formation of ornithine from glutamate happens to be formed through P5C, 
catalyzed by P5C synthase and ornithine aminotransferase (OAT), respectively (Adams and 
Frank, 1980; Wu, 1994, 1997, Aral et al., 1996; Wakabayashi et al., 1983). Human P5C 
synthase is a bi-functional enzyme with both γ-glutamyl kinase (γ-GK) and γ-glutamyl 
phosphate reductase (γ-GPR) activity (Hu et al., 1999) and resembles glutamate-5-kinase and 
glutamate-5-semialdehyde dehydrogenase in prokaryotes and lower eukaryotes. N. crassa and 
S. cerevisiae mutants for ornithine aminotransferase (OAT) were shown to be prototrophic 
indicating the catabolic role for this route in both species (Vogel and Vogel, 1963; Fincham, 
1953; Davis and Mora, 1968). The product, glutamate-5-semialdehyde, is in equilibrium with 
P5C through a non-enzymatic reaction. P5C is a substrate for P5C reductase in the formation 
of proline. In mammals P5C synthase is expressed as a long and a short isoform that seem to 
be specific for either ornithine or proline synthesis (Hu et al., 1999). 
Proline degradation is catalyzed by proline oxidase which together with P5C dehydrogenase 
forms the proline catabolic route to glutamate. In mutant S. cerevisiae, lacking proline oxidase 
activity, proline was found to be an obligatory intermediate in ornithine and arginine 
degradation (Brandriss and Magasanik, 1980). P5C is first reduced to proline by the cytosolic 
P5C reductase, then proline oxidase, a mitochondrial enzyme, yields an intramitochondrial 
P5C pool which is further oxidized to glutamate (Brandriss and Magasanik, 1981) by 
mitochondrial P5C dehydrogenase. It was suggested that separation of catabolic and 
biosynthetic enzymes in yeast prevents futile cycling. However, in A. bisporus P5C-
dehydrogenase was found to be cytosolic (Schaap et al., 1997) suggesting that the conversion 
of cytosolic P5C to glutamate not necessarily involves proline as intermediate.  
In formation of carbamoyl-phosphate by carbamoyl phosphate synthetase (CPS) the 
ammonium which eventually ends up in urea is donated by glutamine (Levenberg, 1962). 
Two CPS's are found in animals and fungi, one specific for the arginine pathway (CPS-A) and 
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one specific for the pyrimidine pathway (CPS-P) (van den Hoff et al., 1995). CPS has a large 
and a small subunit, where the small subunit splits glutamine in the course of the reaction, 
producing the amide nitrogen used by the large subunit (Holden et al., 1999). The large 
subunit catalyzes the subsequent formation of carboxyphosphate, carbamate and 
carbamoylphosphate from one molecule of bicarbonate, one molecule of ammonium and two 
high energy phosphate bonds (2 ATP). The mitochondrial CPS-A requires N-acetylglutamate 
as an allosteric activator (Britton et al., 1990; Lusty, 1978) and is believed to be the key 
regulatory enzyme of urea synthesis in mammals. 
Conversion of ornithine to arginine requires three enzymes, ornithine carbamoyltransferase 
(OCT), argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL). In general 
OCT, but also CPS-A, has a mitochondrial location, however in S. cerevisiae CPS-A and 
OCT are cytosolic (Jauniaux et al, 1978; Weiss and Davis, 1973). OCT catalyzes the transfer 
of the carbamoyl group from carbamoyl phosphate to the δ-amino group of ornithine, forming 
citrulline and inorganic phosphate. The reaction is strongly in favor of citrulline, but it is 
reversible even in vivo under certain conditions (Messenguy, 1976). In S. cerevisiae OCT was 
shown to be inhibited by aggregation with arginase during the transition from anabolic to 
catabolic conditions (Messenguy and Wiame, 1969). ASS catalyzes the reversible 
condensation of citrulline with aspartate by forming a quaternary complex with citrulline, 
ATP-Mg and aspartate followed by the release of adenosine monophosphate (AMP), PPi-
Mg2+ and argininosuccinate. In fungi the enzyme is inhibited by arginine (Hilger et al., 1979; 
Wampler and Fairley, 1967). The arginino succinate formed is hydrolyzed to arginine and 
fumarate in a reversible reaction catalyzed by ASL. Intragenetic complementation was found 
(McInnes et al., 1984) and explained by that the active sites are formed by residues of 
different monomers in the homo tetramer active form of the ASL enzyme (Sampaleanu et al., 
2001). Arginine is hydrolyzed by arginase to ornithine and urea. 
OCT, ASS and arginase activities were found in A. bisporus fruit bodies extracts and the 
complete functional route was suggested by conversion of citrulline into arginine and urea as 
demonstrated with heavy isotope tracer experiments (Reinbothe et al., 1969).  
The second step in arginine catabolism transforms ornithine to glutamate-5-semialdehyde in a 
transamination reaction in which α-ketoglutarate is aminated to glutamate. The semialdehyde 
is either transformed to proline by proline reductase or to glutamate by P5C dehydrogenase. 
DL-ornithine-2-14C fed to A. bisporus fruit body sections resulted in 14C labelled aspartate, 
glutamate, glutamine, lysine and proline illustrating the presence of the two metabolic routes 
at the same time (Reinbothe and Tschiers, 1962). An interesting observation was that 
uniformly 14C labelled arginine gave rise to the same labelled compounds, besides ornithine 
and urea, but no labelled proline was found. Either the exogenous applied ornithine has a 
limited transfer to the endogenous ornithine pool or the transfer to glutamate is flooded and 
excess P5C is transformed to proline.  
 
Occurrence of the ornithine cycle 
The ornithine cycle (also called urea-cycle) appears to have evolved by supplementing a 
previously existing arginine biosynthetic pathway with the arginine hydrolytic enzyme 
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arginase (Grisolia et al., 1976; Paulus, 1983; Takiguchi et al., 1989). The ability to synthesize 
arginine from ornithine is found in virtually all organisms (Paulus, 1983). Some bacteria 
possess authentic arginase activity, whereas others, like Escherichia coli, contain an 
evolutionarily related enzyme, agmatine ureohydrolase. Arginase appears to be present in 
most fungi and all higher organisms (Grody et al., 1987; Takiguchi et al., 1989). In fungi, 
including the mold N. crassa and the yeast S. cerevisiae, all needed enzyme activities have 
been detected, yet there is no functional urea cycle through compartmental separation of 
anabolic and catabolic pathways and elaborate enzyme regulatory mechanisms (Davis, R., 
1986; Paulus, 1983). In N. crassa arginase is inducible by arginine, and its function is 
probably the catabolism of exogenous arginine as a source of energy and nitrogen (Davis, 
1986: Grisolia, 1976). The term ureogenic has been suggested to describe organisms that have 
the full complement of urea cycle enzymes but do not necessarily produce large amounts of 
urea (Huggins et al., 1969). 
An ability to excrete excess ammonia as urea appears to have evolved in amphibians as an 
adaptation to an air breathing terrestrial lifestyle (Takiguchi, 1989). Organisms that have a 
functioning urea cycle and excrete most of their excess nitrogen as urea are said to be 
ureotelic. Excretion of ammonia and bicarbonate directly in the limited volume of the urine 
would have imposed severe difficulties due to the problems of back-diffusion at the high 
concentrations required and the potential precipitation of calcium carbonate in the kidney 
tubules (Atkinson, 1992). 
In reptiles and birds the urea cycle appears to have degenerated to a very low level of activity, 
even in the liver. These animals use the purine synthesis pathway for disposal of excess 
nitrogen as ammonium nitrogen is incorporated into the nontoxic uric acid. Uric acid has a 
low solubility and can be excreted as a solid, thereby conserving water. Such organisms are 
collectively designated uricotelic. Purine biosynthesis involves a complex series of metabolic 
reactions and entails a considerable energy cost (Lehninger et al., 1993). 
The presence of an active ornithine cycle in A. bisporus fruit bodies was suggested by heavy 
isotope tracer experiments (Reinbothe and Tschiersch, 1962, Reinbothe at al., 1969). 14CO2 
fed to fruit bodies was preferentially transferred to urea, while 14C-amidine labelled arginine 
was cleaved, yielding 14C-urea as the only radioactive product. However, recycling of 
ornithine in the ornithine cycle, conversion to citrulline, could not be demonstrated with the 
heavy isotope tracer experiments (Reinbothe et al., 1969). 
 
Nucleic acid degradation 
Urea is also formed via nucleic acid degradation. Addition of 8-14C-adenine or 2-14C-urate to 
fruit bodies of A. bisporus yielded 14C-labelled allantoin, allantoate and urea (Reinbothe and 
Tschiersch, 1962) and revealed the presence of the purine degradation pathway (Chapter 2, 
Fig. 1) in fruit bodies of A. bisporus. In other fungi the purine degradation via allantoate 
involves urate oxidase, allantoinase, allantoicase or allantoate amidohydrolase, and 
ureidoglycolase (Vogels and van der Drift, 1976; Griffin, 1994). Urate oxidase and 
allantoinase activities were demonstrated in fruit bodies of A. bisporus (Brunel, 1936). Urate, 
allantoin and urea were good nitrogen sources for growth of mycelium (Baars et al., 1994). 
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The purine breakdown pathway also gives rise to glyoxylate which is an intermediate in the 
mycelial pathway for oxalate formation (Piquemal et al., 1972). A. bisporus mycelium is 
reported to produce oxalate at levels up to 20.5 g/100g dry weight of growth medium (Tsao, 
1963). Many wood-rotting fungi accumulate oxalate crystals on their mycelium (Eger and 
Sücker, 1964) however the function of oxalate excretion is unclear. The reductive pathway of 
pyrimidine degradation (Vogels and van der Drift, 1976) is operative in A. bisporus as 
revealed by inhibition of urea synthesis from uracil-2-14C with urea cycle inhibitors 
(Wasternack and Reinbothe, 1967). Reductive degradation of pyrimidines involves reduction 
of uracil and thymine to their dihydroderivatives, which in turn are hydrolyzed to carbamoyl-
β-alanine and carbamoyl-β-aminoisobutyric acid respectively. β-alanine and β-
aminoisobutyric were found in fruit body extracts (Altamura et al., 1967). 
 
Regulation 
Fungi can use a surprisingly diverse array of compounds as nitrogen sources and are capable 
of expressing upon demand the catabolic enzymes of many different pathways. Extensive 
studies have been conducted with Saccharomyces cerevisiae, Aspergillus nidulans and 
Neurospora crassa. Certain nitrogenous compounds, e.g. ammonia, glutamine and glutamate, 
are preferentially used by these fungi and in yeast asparagine is also a preferred nitrogen 
source. However, when these primary nitrogen sources are not available or present in limiting 
amounts, many other nitrogen sources can be used, e.g., nitrate, nitrite, purines, amides, most 
amino acids and proteins.  
Utilization (catabolism, transport and assimilation) of any of the various secondary nitrogen 
sources is highly regulated since almost always the synthesis of a set of pathway-specific 
catabolic enzymes and permeases is required. Nitrogen control involves activation of these 
structural genes, which is prevented in the presence of preferred nitrogen sources by nitrogen 
metabolite repression. The expression of the genes involved is modulated by multiple specific 
and pleiotropic factors, acting as repressors or activators as a function of the availability of 
amino acids, or nitrogen source and the presence or absence of pathway specific 
inducer/inhibitor. The de novo synthesis of the permeases and catabolic enzymes of a 
particular catabolic pathway is controlled at the level of transcription and often requires two 
distinct positive signals: first, a signal global indicating nitrogen derepression, and second, a 
pathway-specific signal which indicates the presence of a substrate or and intermediate of that 
pathway. However, some systems are controlled only by nitrogen metabolite repression and 
do not involve induction. 
The regulation of arginine and ornithine metabolism is the best described in yeast and is 
illustrated in Fig. 4. 
 
Nitrogen metabolite and carbon catabolite repression  
The repression of catabolic enzymes is controlled by specific binuclear zinc cluster regulatory 
proteins (Schjerling and Holmberg, 1996). Carbon catabolite repression is generally mediated 
by Cys2/His2 zinc finger repressors like CREA, CRE-1 and Mig1 in A. nidulans, N. crassa 
and S. cerevisiae, respectively (Ebbole, 1998; Ruijter and Visser, 1997). Positive-acting 
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global regulatory proteins, i.e., AREA in Aspergillus, NIT2 in Neurospora, GLN3 and 
GAT1/NIL1 in Saccharomyces and NRE in Penicilillium, are GATA-type zinc finger 
transcription factors which activate nitrogen metabolic genes when preferred nitrogen sources 
are lacking (Marzluf, 1997). 
When comparing S. cerevisiae with N. crassa and A. nidulans, these filamentous fungi can 
utilize many compounds as sole sources of both nitrogen (N) and carbon (C), whereas 
S. cerevisiae can use these only as N sources (Wiame et al., 1985). Therefore, the regulation 
of enzymes involved in amino acid or purine catabolism in the filamentous fungi are thought 
to be subjected to C-catabolite repression as well as N-metabolite regulation. The same 
enzymes in yeast are not subject to C-catabolite regulation. Although, in A. bisporus, protein 
supports growth as a single source of carbon and nitrogen (Kalisz, 1986a), none of the 
monomeric nitrogen sources tested did (Baars et al., 1994). In A. nidulans the agaA and oatA 
genes encoding arginase and OAT respectively, were shown to be under control of the 
nitrogen metabolite and carbon catabolite repression systems (Bartnik and Weglenski, 1973). 
In the promoter regions of both genes several putative CREA and AREA-binding sites were 
identified by in vitro binding of fusion proteins containing AREA or CREA DNA-binding 
domains (Dzikowska et al., 1999). CREA in vitro binding sites correspond to the general 
CREA consensus binding sequence SYGGRG (Cubero and Scazzocchio, 1994). The A. 
nidulans AREA in vitro binding sites comprise GATT sequences, which are non typical 
binding sites described for the GATA-binding family of transcription factors (described 
binding site: HGATAR), including AREA (Merika and Orkin, 1993; Ravagnini et al., 1997). 
Although AREA binds to the oatA promoter in vitro, it probably does not participate in 
ARG 5,6
ARG3
ARG8
ARG1
ARG2
ARG7
ARG4
CPA1
CPA2
Arg81
Arg80 Mcm1
Arg82
arginine
_
+
Anabolism Catabolism
+
_ Leader peptide
+ 
arginine
CAR1
CAR2
Upf1
Upf2
Upf3
and
Gcn4
General
Amino acid 
Control
+
Nil1
Gln3
Ure2
Optmal nitrogen 
source
Ume6
Sin3
Rpd3
Dal81
Dal82
+
+
allophanate
+
Nitrogen
availability
Fig. 4: Network of regulatory circuits controlling the arginine anabolid and catabolic gens in 
response to nitrogen signals. For details see text. Modified from Messenguy and Dubois (2000). 
Structural genes regulated in italic: ARG 5,6, acetylglutamate kinase and acetylglutamyl-P 
reductase; ARG3, ornithine carbamoyltransferase (OCT); ARG8, acetylornithine transaminase; 
ARG1, argininosuccinate synthetases (ASS); ARG2, acetylglutamate synthase; ARG7, 
acetylornithine-glutamate acetyltransferase; ARG4, argininosuccinate lyase (ASL); CPA1, 
carbamoylphosphate synthetase small subunit; CPA2, carbamoylphosphate synthetase large 
subunit; CAR1, arginase; CAR2, ornithine aminotransferase (OAT). For more details see text. 
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nitrogen metabolite repression of the gene in vivo and another putative negatively acting 
GATA factor AREB participates directly or indirectly in oatA nitrogen repression (Dzikowska 
et al., 2003). The CAR1 and CAR2 genes, encode arginase and OAT in S. cerevisiae and only 
the expression of the CAR1 gene is prone to nitrogen metabolite repression, i.e. its release is 
mediated by GATA sequences associated with GLN3 and NIL1 transcription activators 
(Messenguy and Dubois, 2000). 
Although the genes coding for the enzymes needed for the utilization of arginine and proline 
can be activated independently of GLN3 and NIL1, these transcription factors do have an 
effect on the degree to which these enzymes are expressed through inducer exclusion. The 
expression and activity of the permeases for the uptake of arginine (GAP1) or proline (PUT4) 
are subject to nitrogen regulation (Magasanik and Kaiser, 2002) and the presence of a 
preferred source of nitrogen can lead to decreased activity of the permeases and as a 
consequence the induction of the specific nitrogen utilization pathways will be decreased. 
In A. nidulans five clustered genes are responsible for proline metabolism; the metabolic 
pathway genes prnD (proline oxidase), prnB (proline specific permease); prnC (P5C-
dehydrogenase) and the regulatory proteins prnA (Zn-binuclear cluster transcriptional 
activator mediating proline induction) and prnX (function unknown). The metabolic pathway 
genes are under carbon and nitrogen metabolite control, i.e. are repressed by the simultaneous 
presence of glucose and ammonium. The permease gene (prnB) is repressed by CREA 
whereas the prnD and prnC genes are regulated by inducer exclusion (Cubero et al., 2000). 
The activation of the prn genes additionally requires induction, mediated by the pathway-
specific PRNA protein. In yeast, expression of the proline utilization genes, PUT1 and PUT2, 
which encode proline oxidase and P5C dehydrogenase, respectively, require proline induction 
and nitrogen derepression (Marzluf, 1997). Proline induction is mediated by the product of the 
PUT3 gene encoding an activator protein equivalent to PRNA. Nitrogen derepression is 
established by URE2 via GAT1/NIL1 and also regulates PUT4, the proline-specific permease.  
In A. bisporus, the regulation of pruA (P5C-dehydrogenase) in the vegetative phase was 
studied on simple synthetic media. The mRNA level was two- to threefold higher with 
ammonium or proline as the sole nitrogen source compared to glutamate as sole nitrogen 
source (Schaap et al., 1997). Moreover, the expression level was not markedly influenced by 
addition of ammonium phosphate to proline- or glutamate utilizing cultures and is in 
agreement with observations of Kalisz et al. (1986a), that A. bisporus continues to degrade 
protein and secrete ammonium even if ammonium and glucose are present in the culture 
medium. Uptake and subsequent degradation of amino acids by A. bisporus appears to be 
independent from the presence of ammonium in the medium and suggests that regulation 
through inducer exclusion is not present in this organism. 
 
General amino acid control 
The phenomenon of cross-pathway control of amino acid biosynthesis (Hinnebusch, 1992; 
Sachs, 1996), i.e. the starvation for one amino acid results in the induction of multiple amino 
acid biosynthetic genes, is also described as a general amino acid control. Pathway-specific 
control is demonstrated by providing an excess of an amino acid, which results in the 
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feedback repression of transcription of the genes that encode the enzymes for the biosynthesis 
of that particular amino acid. 
N. crassa CPC1, S. cerevisiae GCN4 and A. nidulans CPCA appear to function as positive 
transcriptional activators of amino acid biosynthetic genes in the cross-pathway 
control/general control responses to amino acid starvation (Sachs, 1998). In S. cerevisiae 
eleven GCD genes were identified leading to inhibition of translation of GCN4. The GCD 
genes are antagonized by GCN1, GCN2 and GCN3 (Davis, 1986; Griffin, 1994). The cpc-3 
gene was proposed to be the N. crassa homologue of yeast GCN2 (Sattlegger et al., 1998). 
GCN2 leads to increased translation of GCN4 mRNA, via phosphorylation of eIF2α 
(eukaryotic translation initiation factor 2). This gene specific regulation is mediated by four 
short upstream open reading frames (uORF) in the 5’leader of GCN4 mRNA which lead to 
dissociation of almost all the ribosomes from the mRNA due to specific sequences 
surrounding the translational stop codons, and therefore translation of GCN4 is prevented 
(Hinnebusch, 1997).  
S. cerevisiae γ-GK and γ-GPR encoding genes, involved in proline synthesis, are up-regulated 
at the transcriptional level by a general amino acid control system (Brandriss and Falvey, 
1992), however, it is not clear whether γ-GK or another enzyme activity is sensitive to 
feedback inhibition (Morita et al., 2003) as was found in bacteria (Omori et al., 1991; Smith 
et al., 1984). 
 
Pathway specific induction 
The coordination between arginine biosynthesis and degradation in S. cerevisiae is achieved 
through the involvement of the same regulatory elements in the control of both pathways and 
is reviewed by Messenguy and Dubois (2000). In the presence of arginine, four proteins 
Arg80, Arg81, Mcm1 and Arg82 are required to repress the synthesis of five anabolic 
enzymes and to induce the synthesis of two catabolic enzymes. Arginine specific regulation of 
the anabolic genes was suggested not to be restricted to the transcriptional level as was shown 
for OTC and ASS messengers. Moreover, polymorphism of 5’-ends of the acetylglutamate 
kinase and acetylglutamyl-P reductase transcripts when grown on a medium with or without 
arginine, suggest a role for post-transcriptional regulation. 
Arg80, Arg81 and Mcm1 form a complex interacting with DNA sequences called 
arginine-boxes present in the promoters of arginine co-regulated genes. Binding of arginine to 
Arg81, a Zn2Cys6 binuclear cluster protein, allows the interaction of the complex with DNA. 
Arg82 recruits Arg80 and Mcm1 leading to their stabilization in the nucleus. 
Cis-acting sequences upstream of the regulated genes are homologous to Mcm1 targeting 
sequence (Pbox) and were named arginine boxes. The intervening sequence between the two 
arginine-boxes is GC rich and together they form the UASarg (upstream activating sequence) 
and URSarg (upstream repressive sequence) in the catabolic and the anabolic genes, 
respectively. In A. nidulans the agaA and otaA genes are induced by arginine (Borsuk et al, 
1999; Dzikowska et al., 1999). The AnUASarg located in the agaA and otaA promoter 
regions, was found to be similar to the UASarg of S. cerevisiae (Dzikowska et al., 2003). The 
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Zn2Cys6 activator ARCA (Empel et al., 2001) was suggested to mediate induction, of the 
agaA and otaA genes as was described for Arg81 in S. cerevisiae. 
Yeast CPS-A is expressed in the cytosol whereas in filamentous fungi, N. crassa and A. niger 
it is mitochondrial and is assembled from a large and a small subunit encoded by the unlinked 
genes CPA1 and CPA2 respectively. In addition to the general amino acid control CPA1 is 
also controlled at translational level by an uORF located in the leader of CPA1 (Messenguy 
and Dubois, 2000). The peptide encoded by the uORF and arginine exert a negative effect on 
the translation of the downstream CPA1 ORF, probably by decreasing the translation from 
downstream initiation codons. Furthermore, the stop codon at the end of the uORF signals this 
mRNA to be selectively recruited by the Upf1-Upf2-Upf3 complex, involved in nonsense-
mediated destabilization of certain classes of mRNA containing premature stop codons 
(Culberston, 1999; Ruiz-Echevarria and Peltz, 2000). 
In yeast, arginine catabolic genes are also subject to control by histone deacetylase activity 
(Messenguy and Dubois, 2000). The CAR80 gene is identical to UME6 whose product 
belongs to the Zn2Cys6 family of transcription factors interacting with DNA at a sequence 
named URS1. Ume6 recruits the Rpd3-histone deacetylase complex by interacting with Sin3 
(CAR81 or SIN3 encoded). RPD3, encoding Rpd3, resembles CAR82.  The role of the Ume6-
Sin3-Rpd3 complex in the control of arginine catabolism is to block the expression of the 
CAR1 and CAR2 promoters as long as exogenous nitrogen is available. It was also suggested 
that interaction of Ume6 and specific regulators, Arg80 and Arg81 lead to a more efficient 
binding of the regulatory complex at the arginine boxes at low arginine concentrations. 
 
Aim and outline of this thesis 
It will be clear from the introduction that nitrogen metabolism is closely connected with many 
aspects of the life cycle of fungi. In mushroom research much effort has been made to study 
the degradative capacities and the development and storage of fruit bodies. In many aspects 
the knowledge of the basic nitrogen metabolism of A. bisporus is still too limited to support 
mushroom breeding including formulation of goals for breeding programs. Fundamental 
knowledge about central metabolic processes within the mushroom, such as the regulation of 
the enzymes involved in primary ammonium assimilation and the urea metabolism will give a 
better understanding of the mechanisms underlying growth and fructification. Furthermore, it 
may help to tackle problems in mushroom cultivation. The genes isolated can be used as 
genetic markers to link industrially important genetic traits and achieve more efficient 
breeding programs. 
Because of its central role in nitrogen metabolism and its significant regulatory influence on 
catabolic processes, previous research on A. bisporus within the department of Microbiology 
at the Radboud University Nijmegen was focused on the primary ammonium assimilation 
(Baars et al., 1996b; Kersten, 1999d). This thesis has its focus mainly on urea metabolism. 
The high accumulation of urea in fruit bodies of A. bisporus is of major concern in 
postharvest storage of fruit bodies. An high urea content in the fruit body may affect the 
quality of the stored mushroom when urea is transformed into ammonia which can readily be 
used by microbial contaminants and therefore stimulate post harvest decay. Furthermore, a 
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large amount of urea has a negative effect on the taste of the mushroom. Another important 
factor which can be recognized is that fruit body development and the formation of spores in 
Agaricales largely depend on the translocation of water and metabolites from the parent 
mycelium. It was proposed that the presence of a number of metabolites such as urea, 
trehalose and mannitol, besides being a storage for nitrogen and carbon, function as osmotic 
solutes which drive water into the cells of the mushroom tissue providing a driving force by 
which the mushroom is able to expand itself. 
To elucidate the physiological role of nitrogen metabolizing enzymes, detailed information on 
the involved enzymes, their encoding genes and their regulation is indispensable. This PhD 
study describes the isolation and characterization of genes encoding the key enzymes 
involved in urea metabolism. Chapter 2 describes the purine degradation pathway in 
A. bisporus. Growth of A. bisporus on intermediates in this pathway, as sole source of 
nitrogen, was measured and activities of involved enzymes were measured in culture and fruit 
body extracts. Chapter 3 and 5 describe the ornithine cycle enzymes arginase, 
argininosuccinate synthase and argininosuccinate lyase. Sequences of both gDNA and cDNA 
were obtained and expression during fruit body development and postharvest storage were 
analyzed. The expression of the ornithine cycle enzymes was coupled to the appearance of 
high urea concentrations in A. bisporus fruit bodies. The arginase cDNA was expressed 
heterologous as a His-tagged fusion protein in Escherichia coli. Urea degradation is 
established by urease. Chapter 4 describes the isolation and characterization of the urease 
gene and its cDNA. Expression during fruit body development and postharvest storage was 
studied and discussed in relation to expression of the arginase gene. In Chapter 6 the arginine 
catabolism during fruit body development was studied through expression of ornithine 
aminotransferase (OAT) and the pruA gene encoding P5C dehydrogenase. The OAT gene and 
its cDNA were isolated and characterized and heterologous expression of the oat cDNA in 
Saccharomyces cerevisiae was established. All results obtained are summarized in Summary 
and concluding remarks. 
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Abstract 
Agaricus bisporus is able to use urate, allantoin, allantoate, urea and alloxanate 
as nitrogen sources for growth. The presence of urate oxidase, allantoinase, 
ureidoglycolase and urease activities, both in fruit bodies and mycelia, points to 
a degradative pathway for urate similar to that found in various 
microorganisms. So far all efforts to demonstrate enzyme responsible for 
allantoate degradation failed. A urease inhibitor appeared to be present in cell-
free extracts from fruit bodies.  
 
Introduction 
An extensive survey of higher fungi revealed that members of the family Agaricaceae, 
including Agaricus bisporus, accumulate substantial amounts of urea in their fruit bodies 
(Tyler et al., 1965). During postharvest storage of A. bisporus the amount of urea even 
increases substantially (Hammond, 1979). Such a large increase may affect the quality of 
the stored mushroom, e.g., by the formation of ammonia after urea cleavage. Production of 
urea is not limited to fruit bodies but it also occurs in the mycelium. Its level up to 30 % of 
the soluble-nitrogen pool in vegetative mycelium was reported (Piquemal, (1970). Despite 
the abundance of urea in the edible mushroom A. bisporus very little is known about its 
physiological role, although it was proposed that in fruit bodies urea is the end product of 
some catabolic pathways (Reinbothe et al., 1967; Foret, 1990). Two major mechanisms for 
urea formation are known: the ornithine cycle and nucleic acid degradation. The presence 
of an active ornithine cycle in A. bisporus was already demonstrated about 40 years ago 
(Levenberg, 1962; Reinbothe and Tschiersch, 1962). Data on purine and pyrimidine 
degradation are scarce, although it was shown that RNA, adenine and urate were degraded 
by fruit bodies of A. bisporus with formation of urea (Brunel, 1936; Reinbothe and 
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Fig. 1. Degradation of urate to urea via allantoate. 
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Tschiersch. 1962; Reijnders, 1963). Uracil is reductively degraded in A. bisporus and the 
ammonia formed as a result of this degradation is used for the synthesis of urea via the 
ornithine cycle (Wasternack and Reinbothe, 1967). The purine degradative route in other 
fungi involves breakdown of urate via allantoin, allantoate and ureidoglycolate to urea and 
glyoxylate (Fig. 1). Participating in this pathway are urate oxidase (EC 1.7.3.3), 
allantoinase (EC 3.5.2.5), allantoicase (EC 3.5.3.4) or allantoate deiminase (EC 3.5.3.9), 
and ureidoglycoate lyase (EC 4.3.2.3) (Vogels and van der Drift, 1976). Urate oxidase and 
allantoinase activities were already demonstrated in fruit bodies of A. bisporus (Brunel, 
1936). Urea can be degraded by two pathways – direct degradation to ammonia and carbon 
dioxide by urease (EC 3.5.1.5) and a two step, ATP-dependent, degradation (with 
participation of ATP-hydrolyzing urease, EC 3.5.1.45) to the same end products with 
allophanate as intermediate (Vogels and van der Drift, 1976). Urease was found in 
A. bisporus fruit bodies but only weak activity was demonstrated. It appeared that a urease 
inhibitor was present in the fruit bodies; the nature of this inhibitor remained unknown 
(Reinbothe et al., 1967). It might be speculated, e.g., that urease and the urease inhibitor 
are localized in different compartments in the fruit bodies. Although urea degradation via 
allophanate was shown to occur in fungi (Vogels and van der Drift, 1976) no data on the 
presence of this pathway in A. bisporus are available. The aim of our study was to 
investigate the purine degradation pathway of A. bisporus. 
 
Experimental procedures: 
Organism and culture conditions 
A. bisporus strain Horst U1 was grown (3-4 weeks, 24°C) according to Baars et al. (1994) 
on agar plates containing a nitrogen source to a final concentration of 20 mmol/L 
nitrogen. After 3 transfers on specific nitrogen compounds, the mycelium was harvested 
and used for the preparation of cell-free extract. For biomass determination, the mycelia 
from 5 plates were scraped from the overlaying cellophane disks and dried at 80°C. Fruit 
bodies were obtained from mycelium grown on commercially prepared compost and 
harvested at different stages of growth (Hammond and Nichols, 1976).  
 
Preparation of cell free extracts.  
Extracts were prepared at pH 7.0 from mycelia or fruit bodies (Baars et al., 1994). The 
composition of the extraction buffer depended on the enzyme studied. For determination 
of urate oxidase, allantoicase or allantoate deiminase activity, 50 mmol/L phosphate 
buffer (pH 7.1) with 5 % (V/V) glycerol was used; for determination of allantoinase 
activity, 100 mmol/L Tris-HC. Buffer (pH 7.0) containing 10 % (V/V) glycerol was used. 
To measure urease activity extracts were prepared in 100 mmol/L phosphate buffer (pH 
7.0) with 10 % (V/V) glycerol, 16 mmol/L cysteine and 23 mmol/L EDTA. 
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Urease inhibitor.  
The fraction containing the urease inhibitor was prepared from fruit bodies harvested at 
stage 3 (see Results and Discussion). Fruit bodies were cut in small pieces and frozen in 
liquid nitrogen. After grinding, the material was transferred to a centrifuge tube and 
rapidly thawed in a water bath at 40 °C. After centrifugation (30 min, 30 000g, 4 °C), the 
supernatant was mixed with an equal volume of 100 µmol/L HCl and adjusted with HCl 
to pH.5. The supernatant obtained after a repeated centrifugation was stored at -20 °C and 
used as inhibitor fraction. One mL of this extract originated from 0.75g of fruit body wet 
mass. 
 
Enzyme assays. 
Urate oxidase, allantoinase, allantoicase, allantoate deiminase, ureidoglycolate lyase and 
urease were assayed at 24 °C (Bongaerts and Vogels, 1976; Muruke et al., 1995; Xu et al., 
1995). Urate oxidase was assayed at pH 8.5 or 9.0, allantoinase at 8.4, allantoicase at 7.8, 
allantoate deiminase at 8.8, ureidoglycolate lyase at 8.2, and urease at pH 7.0 and 5.0 (for 
inhibitor experiments). The protein content was determined with the Bio-Rad protein 
assay kit using γ-globulin as standard. Specific activity is expressed in kat (nkat, pkat) per 
mg protein under the assay conditions. 
 
Reagents. 
All chemicals were of reagent grade purity and were purchased from Merck (Darmstadt, 
Germany) and Sigma (St.Louis, USA). Jack bean urease was purchased from Sigma. 
Sodium allantoate and sodium ureidoglycolate were prepared according to Hermanowicz 
(1948) and Trijbels and Vogels (1966), respectively. 
 
Results and discussion 
Growth on purine degradation products as nitrogen sources. Solid media were chosen for 
the growth experiments since it was shown that the growth values obtained were more 
reproducible in comparison with liquid culture (Baars et al., unpublished results from this 
laboratory). Good growth of mycelium on solid medium was obtained with urate, 
allantoin and urea as nitrogen sources and with glucose as carbon source (Table I: cf. 
similar results for liquid cultures given by Baars et al. (1994). Growth on allantoin as 
nitrogen source resulted on a solid medium in a lower yield.  
Furthermore, good growth was also observed on allantoate, oxalurate and alloxan as 
nitrogen sources. Since alloxan is not stable at neutral pH and decomposes rapidly to 
alloxanate (Gray et al., 1961), the obtained growth is probably achieved on the latter 
compound. Whether growth on alloxanate has physiological significance is not yet clear. 
It is well established that alloxanate can be formed during the transformation of urate by 
urate oxidase (Bongaerts and Vogels, 1979) but whether this also takes place during urate 
conversion in vivo by A. bisporus is unknown. Growth on ureidoglycolate could not be 
tested due to the nonenzymic hydrolysis of ureidoglycolate to urea and glyoxylate 
 34 
Purine degradation 
Table I: Biomass yield (mg dry mass per 
sample)a of Agaricus bisporus on purine 
degradation products. 3-4 weeks of growth. 
Nitrogen source Yield 
Urate 
Allantoin 
Allantoate 
Urea 
Oxalurate 
Alloxan/alloxanate 
Control (no N source) 
220 
100 
148 
222 
190 
208 
56 
aFor cultivations see Materials and Methods 
(Vogels and van der Drift, 1976) and subsequent growth on the urea formed. 
Ureate oxidase. The specific activity of urate oxidase in a cell free extract of fruit bodies 
harvested at phase 3 was rather low and amounted to 0.1 nkat/mg protein. Specific 
activities in extracts of mycelia grown on urate, allantoin or allantoate were around 3.33 
nkat/mg protein. The pH optimum was 9.0 (borate buffer) and 8.5 (phosphate buffer) for 
fruit bodies and mycelial extracts, respectively. 
Allantoinase. We confirmed and extended earlier results by Brunel (1936) on the presence 
of allantoinase in A. bisporus. The specific activity in fruit bodies amounted to 33 pkat/mg 
protein. About 52 % and 39 % of the total activity were found in the pileus and the upper 
third of the stipe, respectively. The highest activity in fruit bodies was found in phase 3 
(as classified by Hammond and Nichols, 1976); activities in phases 1, 2, 4 and 5 were 9, 
55, 46 and 22 % of that in phase 3. In mycelia grown on urate, allantoin, allantoate, urea 
and ammonium as nitrogen sources specific activities of 90, 600, 90, 90 and 180 pkat/mg 
protein, respectively, were found. Optimal enzyme activity was observed at pH 8.4-9.2. A 
previous study on allantoinases of different origin revealed that reducing substances and 
Mn2+ exerted in most cases both stimulatory and inhibitory effects (Vogels and van der 
Drift, 1966). The A. bisporus enzyme was inhibited by 1,4-dithiothreitol; addition of Mn2+ 
had no effect. The inhibition by 1,4-dithiothreitol was partially reversed by Mn2+. 
Allantoate degrading enzymes. The product of the allantoinase-catalyzed reaction is 
allantoate. Since A. bisporus grew well on allantoate an enzyme responsible for its 
degradation is supposed to be present. However, no activity could be demonstrated for 
either allantoicase or allantoate deiminase. Since allantoate deiminase is known to be 
often present in cell-free extracts in an inactive form activation procedures (Vogels and 
van der Drift, 1976; Xu et al., 1995) were performed. However, no allantoate hydrolysis 
was detected. Since these two enzymes are the only known allantoate-degrading enzymes 
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Fig. 2: Inhibition of jack bean urease activity (%) 
by increasing amounts of inhibitor (mg, 
mushroom equivalent) extracted from fruit bodies 
of Agaricus bisporus. 
the assay conditions of allantoate hydrolysis measurement in A. bisporus seem not to be 
proper or allantoate can be considered to be degraded in A. bisporus by an unknown 
enzyme. 
Ureidoglycolate lyase catalyzes the reversible breakdown of ureidoglycolate to glyoxylate 
and urea (Vogels and van der Drift, 1976). The specific activity of hydrolysis in fruit 
bodies harvested at phase 3 was 400 pkat/mg protein. The specific activity of the reverse 
reaction was 30 pkat/mg protein. Most of the activity was found in the pileus (48 %) and 
the upper part of the stipe (20 %), pH optimum was 8.2. The Km for racemic 
ureidoglycolate determined for the crude enzyme was about 16 mmol/L. This value is 
about the same as reported for ureidoglycolate lyase from Pseudomonas and Penicillium 
species and the enzymes from frog kidney and liver (Vogels and van der Drift, 1976). The 
specific activity found for the mycelial enzyme after growth on urate, allantoin, urea or 
oxalurate was around 0.83 nkat/mg protein (range 0.68-1.16). 
Urease. Low activities were observed (Reinbothe et al., 1967) in fruit body extracts of 
A. bisporus; urease was only demonstrated if the extracts were prepared in a phosphate 
buffer with cysteine and EDTA. We confirmed the above results and found a urease 
activity in the presence of cysteine and EDTA of about 20 pkat/mg protein in extracts of 
fruit bodies (harvested at phase 3) and about 120 pkat/mg in phase 2. The low activity 
observed in cell-free extracts of fruit bodies was suggested to be caused by the presence of 
a urease inhibitor (Reinbothe et al., 1967). We obtained the inhibitor fraction by acid 
treatment of the fruit-body extract; due to instability at pH 7 its effect on urease was 
measured at pH 5. Both jack bean urease (Fig. 2) and A. bisporus urease were inhibited by 
about 65% after addition of 80 µL inhibitor extract (equivalent to 60 mg fruit body wet 
mass). The inhibitor may influence the measured urease activity but its instability at pH 7 
indicates that it presumably is not the prevailing cause. 
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The urease activity in mycelial extracts was considerably higher – it amounted to 1.47, 
1.78, 193, 0.25 and 4.5 nkat/mg protein after growth on urate, allantoin, allantoate, urea 
and alloxan/alloxanate, respectively.  
The demonstration of urate oxidase, allantoinase, ureidoglycolate lyase and urease 
activities point to a urate degradative pathway similar to found in other microorganisms 
(Vogels and van der Drift, 1976). 
Enzyme activities involved in allantoate degradation were not demonstrated. Also the 
formation of alloxanate (inhibitor of urease; Gray et al., 1959) by urate oxidase reaction in 
borate buffer (Bongaerts and Vogels, 1979) has not yet been shown in vivo. Taken 
together with the good growth of A. bisporus on alloxanate the urease inhibitor can be 
considered to be identical with alloxanate. 
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Abstract 
An extensive survey of higher fungi revealed that members of the family 
Agaricaceae, including Agaricus bisporus, accumulate substantial amounts of 
urea in their fruit bodies. An important role of the ornithine cycle enzymes in 
urea accumulation has been proposed. In this work we present the cloning and 
sequencing of the arginase gene and its promoter region from Agaricus 
bisporus. A PCR-probe based on fungal arginase was used to identify the 
A. bisporus arginase gene from a cDNA library. The arginase cDNA encodes a 
311 amino acid protein which is most likely expressed in the cytosol. 
Expression of the cDNA in Escherichia coli was established as a His-tagged 
fusion protein. The arginase gene was used as a molecular marker to study 
expression and regulation during sporophore formation and postharvest 
development. The expression of the arginase gene was significantly upregulated 
from developmental stage 3 on for all the tissues studied. The expression was at 
a maximum at stage 6 for both cap and stipe tissue and then decreased again. 
In postharvest stages 5, 6 and 7 the level of expression observed was similar to 
normal growth stages 5, 6 and 7. A good correlation was found between 
arginase expression and urea content of stipe, velum, gills, cap and peel tissue. 
For all tissues the urea content decreased over the first four stages of 
development. From stage 4 on urea accumulated again except for stipe tissue 
where no significant changes were observed. The same trend was observed for 
postharvest development, but the observed increase of urea in post harvest 
tissues was much higher. 
 
Introduction 
Higher fungi, including cultivated mushrooms, accumulate substantial amounts of urea in 
their fruit bodies (Hammond, 1979). Although the primary ammonium assimilation 
pathways have been studied extensively (Baars et al., 1996a; Kersten et al., 1997, 1998, 
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1999 a+b) still little is known about the physiological role of urea in the edible mushroom. 
Urea is chemically inert and highly soluble. Therefore urea may serve as an osmotically 
favorable form of fungal nitrogen reserve (Cochrane, 1958). Accumulation of urea 
facilitates the translocation of water and metabolites in fruit bodies (Donker and Van As, 
1999), which is required for the production of spores. Furthermore, urea was proposed to 
be the end product of catabolic pathways (Reinbothe et al. 1967; Foret 1990). Urea is a 
good nitrogen source for mycelial growth of A. bisporus (Baars et al. 1994), but low 
urease activity has been demonstrated in fruit bodies (Brunel, 1936). The latter indicates a 
low turnover of the urea accumulated by fruit bodies of A. bisporus. In addition, a urease 
inhibitor was shown to be present in mushroom extracts but a different cellular location of 
the urease enzyme and inhibitor has been suggested (Reinbothe et al. 1967; Chapter 2: de 
Windt et al. 2002). During four days postharvest storage of Agaricus bisporus fruit 
bodies, the amount of urea can increase to 1 % of the dry matter of the fruit body. High 
amounts of urea have a negative effect on the taste of the mushroom. Furthermore, when 
this urea is transformed into ammonia it can readily be used in microbial attack and 
postharvest decay is stimulated. 
Two major mechanisms for urea formation can be envisaged: the ornithine cycle and 
nucleic acid degradation. Levenberg (1962) showed that the purine degradation pathway 
was only a minor pathway in the mushroom. Reinbothe and Tschiersch (1962) showed the 
existence of a full functional urea cycle by 14CO2 and 14C-amidine heavy isotope tracer 
experiments and concluded that the ornithine cycle was the major route for urea 
production in fruit bodies of A. bisporus. Detailed enzymatic studies of ornithine cycle 
enzymes were not performed thus far.  
Arginase (L-arginine amidinohydrolase, E.C. 3.5.3.1) is an ornithine cycle enzyme that 
catalyzes the hydrolysis of arginine to urea and ornithine, and this enzyme fulfills a 
prominent role in nitrogen metabolism of many organisms. Its activity controls the 
cellular levels of arginine and ornithine which are required for various essential metabolic 
processes such as protein synthesis and production of creatine, polyamines and proline. 
Furthermore the ornithine cycle enables the organism to detoxify NH4+ and to excrete 
excess nitrogen from the system. 
This article reports on isolation and characterization of the arginase gene of A. bisporus. 
Expression in E. coli was established and mRNA analysis was coupled to the 
measurement of urea content of fruit bodies at different developmental stages and in post 
harvest senescence. 
 
Experimental procedures 
A. bisporus strains and culture conditions. 
A. bisporus Horst U1 and its homokaryotic parents, strains H39 and H97, were obtained 
from the collection of the Mushroom Experimental Station, Horst, The Netherlands. To 
obtain A. bisporus fruit bodies of different growth stages, mushrooms were grown at the 
Mushroom Experimental Station, Horst, Netherlands on commercially available substrate 
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covered with a casing soil. Mushrooms were harvested from day six after fruit body 
induction in the first flush (van Gils, 1988) corresponding to developmental stages 1-7 of 
normal growth as defined by Hammond and Nichols (1975).  Mushrooms harvested at 
stage 4 were kept under conditions of the cropping unit, 18°C and 90-95% relative 
humidity, to obtain samples resembling postharvest stages 5, 6 and 7. Vertical cross-
section of sampled mushrooms were photographed before dissection in different tissues. 
Samples were immediately frozen in liquid nitrogen and stored at -80°C. The photograph 
of each mushroom were used to estimate the β-angle (angle between the position of the 
gills and the vertical axis of the mushroom) and the diameters of stipe and cap to 
determine the growth phase in a more exact way (Umar and Van Griensven, 1996). 
Samples were pooled according to the following criteria: stage 1, dcap/dstipe≤1 and no 
lamella visible; stage 2, β-angle=75-97°, dcap/dstipe =0.95-1.5; stage 3, β-angle=40-75°, 
dcap/dstipe =1.4-1.9; stage 4, β-angle=25-40°, dcap/dstipe =1.85-2.5; stage 5, 6 and 7 normal 
growth and postharvest as defined by Hammond and Nichols (1975). 
 
Escherichia coli strains, recombinant DNA techniques and enzymes. 
E. coli XL1-blue MRF’ and SOLR (Stratagene) were used for plating the cDNA library 
and in vivo excision of cloned cDNA inserts. E. coli LE392 (Promega) and E. coli XL1 
blue (Stratagene) were used for phage amplification / λ DNA isolation and plasmid 
transformation / propagation, respectively. The pET 16b vector was used for heterologous 
expression of the arginase cDNA in E. coli strains BL21(DE3) and BL21(DE3)pLysS 
(pET-system, Novagen). Standard DNA manipulations were carried out as described in 
Sambrook et al. (1989). Restriction enzymes and other enzymes used for DNA 
manipulations were purchased from MBI Fermentas. Plasmid pUC19 (Yanisch-Perron et 
al., 1985) was used as cloning vector for genomic DNA fragments. The pGEM-T vector 
system (Promega) was used for cloning PCR products. Synthetic oligonucleotide primers 
were purchased from Biolegio BV and Isogen Bioscience BV. 
 
Cloning of the A. bisporus arginase gene 
For amplification of A. bisporus DNA encoding a part of the arginase gene, synthetic 
degenerate inosine-containing deoxyoligonucleotide primers designed from conserved 
regions in Aspergillus nidulans (Acc.Nr. Q12611), Neurospora crassa (P33280), 
Saccharomyces cerevisiae (P00812) and Schizosaccharomyces pombe (P37818) arginase 
genes were used in a temperature gradient PCR performed on a Tgradient Thermocycler 
(Biometra) with strain Horst® U1 genomic DNA as a template. Primer 1 (5’-GCI CAY 
GCI GAY ATH AAY AC-3’) encodes arginase amino acids 147-153 of the S. cerevisiae 
arginase amino acid sequence and primer 2 (5’- CRT CRT GCA TIS WRA ANG C-3’) 
encodes the antisense codons of amino acids 219-225. The initial denaturation step of 10 
min at 95°C was used to add the Taq polymerase enzyme as a hot-start and was followed 
by 30 cycles of 1 min at 95°C, 1 min 50-60°C (temperature gradient) and 2 min 72°C. The 
amplified 223 basepare product was cloned in pGEM-T (Promega) and identified by 
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sequencing. A labeled fragment was produced using [α32P]dCTP (Feinberg and 
Vogelstein, 1983) (HexaLabelTM DNA Labeling Kit, MBI Fermentas) and used as a probe 
for the screening of a λEMBL3 genomic library of strain Horst H39 using conditions 
described previously (Schaap et al., 1996). Plaques giving a positive hybridization signal 
were purified and arginase gene fragments were isolated from the λ-DNA by inverse PCR 
using primers designed on the probe fragment sequence and cloned into pGEM-T. 
Corresponding cDNA was isolated from a mixed primordial small fruit body λ-ZAP-
cDNA library (De Groot et al., 1996) by PCR with T7 and T3 vector primers in 
combination with an arginase specific forward and reverse primer, respectively. The 
template cDNA for PCR was purified from the phage particles by mass excision 
according to supplier’s instructions (ZAP-cDNA® Synthesis Kit instruction manual), 
phenol chloroform extraction and sodium acetate precipitation.  
DNA was sequenced by the method of Sanger et al. (1977) using the CEQ2000 DNA 
Analysis System (Beckman-Coulter) or a DNA Analyser (Applied Biosystems). 
The arginase sequences were assembled and analyzed using Vector NTI Suite software 
(Informax). Predicted amino acid sequences were compared with translated sequences 
from GenBank and EMBL using BLASTP program (Gish and States, 1993) at the NCBI 
server. 
 
Phylogenetic analysis 
Protein sequences were extracted from the SwissProt or the TrEMBL protein database 
(see legend of Fig. 3). The sequences were aligned with the align utility of Vector NTI 
Suite software (Informax) and a tree was constructed with Treeview. 
 
Expression of the arginase cDNA 
For construction of an expression vector the isolated cDNA fragments were used in a PCR 
with Pfu-polymerase using synthetic oligonucleotides 5’-CCC AGC TTA CAA TTC CTT 
CC-3’ (Arg-Mf) and 5’-AA AAG TGT TTC CCC CAA AGC AG-3’ (Arg-G*r) to 
generate a blunt-end full length cDNA. The full-length PCR product was directly ligated 
into a NcoI-digested pET-16b vector which was made blunt by filling in the retarded 
3’ends with Pfu-polymerase.  
The Arg-HisCterm-pET-16b expression vector was used to transform E. coli Bl21 (DE3) 
carrying the pLysS plasmid. The T7-lysozyme on pLysS enables expression only after 
induction with IPTG (Innovations, 1994). The growth and induction were carried out 
according to the suppliers’ instructions (pET-system, Novagen). Isolation of arginase was 
established by separation on a Ni-NTA column according to suppliers’ instructions.  
 
Northern analysis 
Total RNA was isolated from A. bisporus fruitbodies by TRIzolTM Reagent (BRL). An 
additional sedimentation step before adding the chloroform, and a modified isopropanol 
precipitation step were necessary. This modified step consisted of 0.25 ml of isopropanol 
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followed by 0.25 ml of a high salt precipitation solution (0.8 M sodium citrate and 1.2 M 
NaCl) per ml of TRIzol used for homogenization. The concentration of RNA was 
determined spectrophotometrically and equal amounts of RNA were denatured and 
separated using formaldehyde gel electrophoresis. Messenger RNA lengths were 
determined by co-electrophoresis of RNA molecular weight markers (Roche Diagnostics) 
that were stained separately with methylene blue after transfer of the RNA to Nytran® 
Super Charge membranes (Schleicher & Schuell) by vacuum blotting (Model 785 
Vacuum Blotter, Bio-Rad Laboratories). 
Hybridization of RNA blots was performed at 42°C in standard hybridization buffer (5X 
SSPE, 5X Denhardt’s solution, 0.5% SDS and 100 µg /ml denatured herring sperm DNA) 
to which 50% (v/v) formamide was added. The membranes were washed at 42°C to a 
final stringency of 0.1X SSPE, 0.1% SDS and exposed. The PCR product of forward 
primer 5’-CAT TGA GAC GAC GGA TTC AG-‘3 (arg1f) and reverse primer 5’-GAA 
CAA CGC ACA GCG ACA G-‘3 (arg2r) was labeled with 32P-CTP as described in the 
previous section and used as a probe. Northern blots were also probed with an A. bisporus 
28S ribosomal DNA fragment (Schaap et al. 1996) as a loading control. 
 
Isolation of total genomic DNA, Southern blot analysis 
Total DNA from strains H39 and H97 was isolated (De Graaff et al., 1988), digested with 
various restriction enzymes, separated on 0.8% agarose gels and transferred onto Nytran® 
Super Charge membranes by vacuum blotting. DNA blots were washed at 65°C to a final 
stringency of 0.1X SSC, 0.1% SDS. 
 
Analytical procedures 
Urea. Urea was extracted from fruit bodies (Hammond, 1979), by centrifugation at 12,000 
g for 10 min. Urea was measured after conversion to ammonia with jack bean urease 
(Sigma) (Kempers et al. 1986).  
Arginase activity assay. The rate of the release of urea from L-arginine by arginase was 
monitored in a system containing urease, L-glutamate dehydrogenase and NADH (Özer, 
1985). The incubation mixture (0.5 ml) contained 16.7 mM diethanolamine (pH 8.8), 20 
mM 2-oxo-glutarate, 1.2 U L-glutamate dehydrogenase, 2 U jack bean urease, 0.8 mM 
arginine, 0.24mM NADH and a suitable amount of crude extract. The assay was 
performed at 30°C. After a pre-incubation of 1 min a linear decrease in A340 was recorded. 
One Unit of arginase was defined as the amount of enzyme that released 1.0 µmol of urea 
per min under the given conditions. 
 
MALDI-TOF analysis 
The heterologous expressed His tagged arginase protein was separated on a Ni-column 
according to the suppliers’ instructions, concentrated and dialyzed  with a Microcon 10 
micro concentrator (Amicon). Fractions with arginase His-tagged protein were 
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-286                                                             atcgcgactgcaaaag
-270  TATATATAggaacctgccaccttgcataaatcctaatcgagtaaatcgttatatgtatatgttgttacggtccatttttctatatcgggg
-180  gcacccttagaatgaatccttctcaacccaggtgcttcattcatatagtgttttacataatacccgctcaggcggtgagcgagacgagcg 
-90  atcTATAAAActtaTATATAAAgactcggatcttgcaactaagctgCAATcctctcttatcatcttgaacgactttgcactctaacgatc
M  P  S  L  Q  F  L  P  Q  P  L  T  A  A
1  atgcccagcttacaattccttcctcagcctcttactgccgcagtacgtcaaccacattccgattttaatttaacactactatatctcttt
I  V  G  C  P  F  S                                G  G  Q
91  cgtagattgtcggctgcccattcaggtcagtctcctccccttataaacgtggtgattcatgaattagggatatcttagtggcggacaggt
R  R  T  G  V  D Q  G  P  I  R
181  gaggatgacatcagtcaatgaaggcgattataacttattcctcctcggtttttgtagcgcaggactggcgtggaccaagggccgatccga
L  V  E  A  G  L  V  E  Q  L  K  G  L  G  W  N  V  V  F D  G  H  H  Q  F  E  E  Y  N  N
271  ctcgtagaagcaggccttgttgaacaactcaagggcctcggatggaacgttgttttcgacgggcatcatcaatttgaagaatacaataat
L  D  D  A  P  I  G  I  M  K  N  P  R  T  V  S  Q  V  N  R  S  V A  G  V  V  M  N  H  A
361  ctggatgatgcacccataggaataatgaagaaccctcgaacagtgtctcaagtaaacagatctgtggctggggtggtgatgaatcatgcg
K  N  G  M  L  P  V  T  L  G  G  D  H  S  L
451  aagaacggcatgcttcctgtgacgctagggggtgatcattctttggtaggagtctagacccggggttcgcgatagtgaacgctcaccgct
A  M  G  T  I  S  G S  L  A
541  tgttgtttgaataggcaatgggcaccatttctgggtcactcgcgtatgttttggcctctctgtcatattataaggcttacagtcacacag
V  H  P  D  A  C  V  I  W  I  D  A  H  A  D I  N  T  I  E  T  T  D  S
631  ggtccatcccgatgcatgtgtcatttggatcgatgctcacgctgatatcaataccattgagacgacggattcaggtaagtagccaaaatc
G  N  M  H  G  M  P  L S  F  L  L  G  I  G  D  K  I  Q
721  gggtcaatatcgaaaattcgctcacaattcagcagggaatatgcatggcatgcctctatcttttctcctcggtattggcgacaaaataca
E  F  D  W  I  K  P  V  L  K  P  E  R  L  V  Y  I  G  L R  D  L  D  A  G  E  K  R  L  L
811  agagtttgattggatcaagcccgttctgaagccagaacgcttagtctacatcggccttcgcgaccttgatgccggagaaaagcgattatt
R  E  H  N  I  K  A  F  S  M  H  E  V  D  K  Y  G  I  G K  V  V  E  M  A  L  D  Y  V  N
901  gcgcgaacacaacattaaagccttcagtatgcacgaagtcgataaatatggcatcgggaaagttgtcgaaatggcattggattatgtcaa
P  K  R  D  L  P  I  H  L  S  F  D  V  D  A  L  D  P  S  V  A  P  S  T  G  T  P
991  cccaaaacgagatctaccaatacatctcagctttgatgtagatgcactggatcctagtgtcgccccatcaactggtactccggtacgtcc
V  R  G  G L  T  F  R  E  G  H  Y  I  C  E  A  I
1081  catatcgtgatgatcactgttgcgtgcttagttttgtaggtgagaggtggacttaccttccgggagggtcattacatctgcgaggccatt
H  E  T  G  L  L  V  S  L  D  L  M
1171  cacgagactggtctactggtgtcattggatttaatggttcgtgtgatgcaaagggctctggccgcttttcgtgtttttctttgcttatca
E  V  N  P  S  L  A  E  A  A  D  A  D  K  T  V A  V  G  C  S  L  V  R  A  A  L
1261  ttacctgcaggaggtcaacccatctctcgcagaagctgcggatgccgacaagactgtcgctgtcggttgttcgcttgtgagggctgcttt
G  E  T  L  L  Stop
1351  gggggaaacacttttgtgaacactttggccccgcttctt  1389
AFS 1
AFS 2
AFS 3
*
Fig. 1: Nucleotide sequence with deduced amino acid sequences and introns of the arginase gene from 
A. bisporus H39 gene and 286 nucleotides of its promoter sequence. The coding strand of the gene is shown 
from 5’ to 3’ end and is numbered from the first nucleotide of the presumed start codon. Putative AREA and 
CREA binding site(s) in the promoter region are marked bold/italics and bold/underlined, respectively. GC-
boxes are shown in bold. TATA boxes and CAAT motif are in capital/bold. The * indicates the 5’-end of the 
isolated cDNA. The three conserved arginase family signatures (AFS) are indicated in the deduced amino acid 
sequence. The box indicates a putative N-glycosylation site. 
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characterized by matrix assisted laser desorption/ionisation time of flight mass 
spectrometry (MALDI-TOF MS, Biflex III, Bruker, FRG) using the linear mode 
(Harhangi et al., 2002). 
 
Results 
The arginase gene 
A 223 bp fragment of the Agaricus bisporus arginase gene was amplified by PCR with 
degenerate primers designed on the basis of regions of high homology in an alignment of 
known fungal arginase protein sequences. Blastx results showed that the fragment 
contained two blocks with high similarity to the same region of the Neurospora crassa 
and Coccidioides immitis arginase genes, 52 and 49 % identity respectively, interrupted 
by one putative intron. The arginase gene fragment was used in screening an A. bisporus 
H39 λEMBL3 genomic library. Positive λ-clones were used in an inverted PCR method 
for isolating the arginase gene and part of the promoter region. The specific primers used 
were designed on basis of the arginase gene fragment. The same primers were used for 
isolation of the cDNA from a Lambda Zap cDNA library by PCR techniques. The 
nucleotide sequences reported here have been deposited in the Genbank/EMBL Databases 
under the accession numbers AJ640139 and AJ640140 for the cDNA and the gDNA 
sequence, respectively. The1675 bp gDNA arginase gene sequence revealed an ORF of 
933 bp interrupted by eight introns as confirmed by cDNA sequence analysis (Fig. 1). All 
introns appear to have normal fungal splicing sites (Unkles, 1992) ranging in size from 46 
to 63 bp.  
The isolated cDNA started at position -58 from the presumed translation start point. In the 
287 bp of the promoter region three TATA boxes were found at position -74, -87 and -271 
bp upstream from the translation start point. A CAAT-box with a CT-rich region, assumed 
to direct transcription initiation (Unkles, 1992), was found at position -44. Furthermore 
three GATA-factor binding sites, position -189, -138, -33, two GC-rich boxes at positions 
-186 and -118 and a SYGGRG-box  (corresponding to the putative CREA binding motif) 
at position -109 appear to be present.  
Southern analysis of genomic DNA of strains U1 and its constituents H39 and H97, using 
a PCR product of primers arg1f and arg2r as a probe, indicate that a single copy of this 
gene is present in the genome of A. bisporus (data not shown). 
 
Amino acid sequence analysis 
The codon usage of the A. bisporus gene shows a limited bias towards a thymine at the 
third position of a codon (31.7%) whereas in 59.3% of the codons a pyrimidine is used at 
the third position of a codon. This is similar to codon usages of the A. bisporus NADP-
GDH (Schaap et al. 1996) which were 33.1% and 60.8% respectively. The deduced amino 
acid sequence of the arginase enzyme results in a calculated molecular mass of 33,580 Da 
and an isoelectric point of 5.2. The arginase amino acid sequence reveals the three typical 
arginase family signatures (Fig. 1) involved in binding the manganese cofactor which are 
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A. bisporus
N. crassa
A. nidulans
C. immitis
R. norvegicus
100bp
Fig. 2: Genomic map illustrating the location of introns in the arginase genes of Agaricus 
bisporus, Aspergillus nidulans, Neurospora crassa and Coccidioides immitis and Rattus 
norvegicus Arg1. Rat introns are not on scale. 
conserved in the arginase family (Perozich et al. 1998). Furthermore a putative 
N-glycosylation site is present at amino acid position 84 which is not conserved in the 
arginase family. 
Comparison of eukaryotic gene structure with respect to position of introns revealed the 
conservation of one intron position among the fungal and animal arginases (Fig. 2). The 
first intron of the ascomycete fungi and rat has the same position as the third intron of 
A. bisporus. The conserved second intron of the ascomycete fungi, is not conserved in the 
A. bisporus gene.  
The A. bisporus arginase gene provides the first full basidiomycete arginase protein 
sequence. A phylogenetic tree based on an alignment of the amino acid sequence of 
selected members of the arginase family (Fig 3) shows that the A. bisporus arginase 
sequence clusters with other fungal arginases from N. crassa, C. immitis and A. nidulans 
(57, 54 and 54% identity  respectively). The plant arginases have more resemblance to 
archaebacterial and bacterial arginases. Identities with the A. bisporus sequence range 
from 24-26% (plant), 24-29% (archaeal) and 33-41% (bacterial) compared to 44-57% and 
44-52% for fungal and animal arginases, respectively. 
 
Expression of the arginase cDNA 
To confirm that a functional arginase gene copy was recovered, arginase cDNA was 
expressed as a C-terminal His-tag fusion protein in E. coli BL21(DE3). After optimization 
of expression, an induction of two hours resulted in the highest level of arginase. The 
arginase His-tag fusion protein was expressed up to 4 % of the soluble protein and the 
arginase activity of the cell free extracts ranged from 0.28 to 0.95 U⋅mg-1 in different 
expression/induction experiments. After transfer of the cell-free extract over a Ni-column, 
the arginase activity of the partial purified arginase fusion protein was 7.9 U⋅mg-1. The 
calculated theoretical mass was confirmed by MALDI-TOF analysis of the purified 
protein (38,500 Da). 
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Drosophila melanogaster ARG
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Saccharomyces cerevisiae ARG
Agaricus bisporus ARG
Neurospora crassa ARG
Coccidioides immitis ARG
Aspergillus niger ARG
Aspergillus nidulans ARG
Schizosaccharomyces pombe ARG1
Xenopus laevis ARG1
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Glycine max ARG
Pinus taeda ARG
Brassica napus ARG
Sulfolobus tokodaii AGM
Fungi
Insects
Animals
Bacteria
Archaea
Plants
Schizosaccharomyces pombe ARG2
Arabidopsis thaliana ARG
Methanothermus fervidus URH
Methanocaldococcus jannaschii YHMF
Brucella melitensis ARG
Bacillus caldovelox ARG
Bacillus subtilis ARG
 
Fig. 3: Unrooted phylogentic tree of representative arginase family members. Organisms and their 
accession numbers are: Agrobacterium tumefaciens (P14012), Arabidobsis thaliana (P46637), 
Aspergillus niger (AAF45308), Bacillus caldovelox (P53608), Brassica napus (AAK15006), 
Brucella melitensis (Q59174), Bacillus subtillis (P39138), Coccidioides immitis (P40906), 
Drosophila melanogaster (AAF34792), Aspergillus nidulans (Q12611), Glycine max (O49046), 
Homo sapiens (ARG 1: P05089, ARG 2: P78540), Methanocaldococcus jannaschii (Q57757), 
Methanothermus fervidus (P19268), Mus musculus (ARG 1: Q61176, ARG 2: O08691), 
Neurospora crassa (P33280), Pinus taeda (AAK07744), Rattus norvegicus (ARG 1: P07824, ARG 
2: O08701), Saccharomyces cerevisiae (P00812), Schistosoma japonicum (AAK84421), 
Schizosaccharomyces pombe (P37818, Q10066), Sulfolobus tokodaii (NP_376223), Xenopus 
leavis (ARG 1: P30759, ARG 2: Q91553). In the animals two arginases are identified, hepatic 
(ARG1) and extrahepatic (ARG2). The proteins from Mc. jannaschii, Mt. fervidus and S. tokodaii
are putative agmatinases. Bar = 10 substitutions per 10 amino acid residues. 
Urea content and arginase mRNA of developing fruit bodies 
To determine the role of arginase in urea production, both the urea content and arginase 
mRNA expression were examined. Developing fruit bodies were dissected and the tissues 
were extracted to analyze their urea content. Urea content of stipe, velum, gills, cap and 
peel tissue was measured at different stages of fruit body development (Fig. 4). Data for 
velum, gills and peel are not shown but follow similar trends as shown for cap tissue. For 
all tissues a decrease of urea content was found over the first four stages of development. 
From stage four on, the urea content increased again except for stipe tissue where no 
significant changes were observed. In gill tissue the accumulation seemed to lag one 
phase behind compared to velum, cap and peel. The same trend was observed for 
postharvest development, but the observed increase of urea in post harvest tissues was 
much higher. 
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Fig. 4: Urea content of pooled A. bisporus Horst U1 stipe and cap tissue from sporophores in 
different stage of development. For urea extraction stipe and cap parts of 10-30 sporophores 
were pooled according to the following criteria: stage 1, dcap/dstipe≤ 1 and no lamella visible; 
stage2, β-angle = 75-97°, dcap/dstipe = 0.95-1.5; stage 3, β-angle = 40-75°, dcap/dstipe = 1.4-1.9; 
stage 4, β-angle = 25-40°, dcap/dstipe = 1.85-2.5; stage 5, 6 and 7 normal growth and post harvest 
as defined by Hammond and Nichols (1976). The urea content is expressed as mg urea per g 
dry weight of tissue (mean ± SEM). 
1       2        3       4        5        6       7     ph5 ph6   ph7
28S
Normal growth Post harvest
Stipe
Cap
arg
28S
arg
67 435926724410000%
93 3848100702940%
Fig. 5: Northern analysis of total RNA isolated from pooled A. bisporus Horst U1 stipe and cap 
tissue cut from sporophores in different stage of development. For RNA isolation cut samples 
were pooled according to the criteria given in the legend of Fig. 3. 10 µg of total RNA was size-
fractionated and hybridized with an arginase fragment or a 28S rRNA gene fragment. The values 
given are derived from digital analyses of the blots and normalization to the 28S rRNA signals. 
Highest arginase mRNA expression (cap tissue, stage 6) was set at 100 %. 
Transcriptional regulation of the arginase gene was compared by determining the 
mRNA levels in various parts of the A. bisporus fruit body during sporophore 
formation by Northern blot analysis. The tissue samples from developing fruit bodies 
were used for RNA isolation. Fig. 5 shows that the expression of the arginase gene was 
significantly upregulated from stage 3 and 4 for stipe and cap tissue respectively. The 
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expression was at a maximum at stage 6 for both stipe and cap tissue and then decreased 
again. The same trends were observed for velum, gills and peel tissue with the exception 
that the expression in gill tissue seemed to lag one phase behind as was seen for urea 
accumulation. In postharvest stages 5, 6 and 7 no difference was observed when compared 
with normal growth stages 5, 6 and 7. 
 
Discussion 
Comparative studies on arginase amino acid sequences from diverse species identified 32 
conserved residues and conserved substitutions (Ouzounis and Kyrpides, 1994; Perozich 
et al., 1998; Jenkinson et al., 1996). Without exception all these residues were conserved 
in the Agaricus bisporus arginase. The gene sequence presented in this work is the first 
basidiomycete arginase sequence. Phylogenetic analysis showed that the A. bisporus 
arginase clustered with the fungal arginases, neighbors the group of the animal enzymes 
and is more distantly related to the plant arginases. The latter have more resemblance to 
bacterial arginases and even more the agmatinases and formiminoglutamases 
(Fig. 4)(Perozich et al., 1998). 
A comparison of the regulatory mechanisms of arginase synthesis in various organisms 
revealed its complexity and emphasized the fundamental role that arginase fulfills in the 
metabolism of organisms. The ability of A. bisporus to grow on protein and nucleic acids 
as a sole source of carbon, nitrogen and sulfur (Kalisz et al., 1986a) suggested that 
regulation was also subjected to both carbon catabolite and nitrogen catabolite repression 
as was found for A. nidulans (Bartnic et al., 1977). Analysis of the promoter region of the 
A. bisporus arginase revealed the presence of several putative GATA sites for binding of a 
general nitrogen regulatory protein and a SYGGRG sequence known to bind the CREA 
protein. The latter protein is involved in general carbon catabolite repression in 
A. nidulans. These sites support the possibility of carbon and nitrogen regulation of the 
A. bisporus arginase gene. 
N. crassa expresses multiple forms of arginase from a single locus (Marathe et al., 1998) 
but no second reading frame or possible alternative splicing sites were found in the 
A. bisporus arginase gene. The presence of three putative TATA boxes makes it possible 
that the arginase gene is transcribed from more than one site of transcription but no 
experimental evidence was found. Multiple transcription start sites were reported for 
A. nidulans (Borsuk et al. 1999) and posttranscriptional regulation was suggested on basis 
of the extensive secondary structure of the 5’UTR of the arginase mRNA. For a more 
detailed analysis of the regulation of the arginase gene and possible isoforms, it will be 
necessary to investigate a greater part of the promoter region and to study expression on 
RNA and protein level in A. bisporus.  
The expression of the A. bisporus arginase cDNA as a C-terminus His-tag fusion protein 
in E. coli resulted in an active enzyme. All the arginase activity measured must be the 
result of the recombinant fusion protein, since E. coli does not contain arginase. The 
related bacterial enzyme, agmatine ureohydrolase, does not utilize L-arginine as a 
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substrate (Satishchandran and Boyle, 1986). Whether the arginase, expressed as a His-tag 
fusion protein, is able to self assembly into a homo-oligomer or remains a monomer due 
to its His-tag at the C-terminus is not known. No evidence for cooperation between the 
monomers has been presented in literature and full activity of the monomer has been 
shown for human arginase (Bewley et al., 1999; Ikemoto et al., 1990).  
To determine the role of arginase in urea production both the urea content and arginase 
mRNA were examined. Urea was not evenly distributed throughout the sporophore. Foret 
and Arpin (1991) already found discrepancy between earlier presented data (Iwanoff, 
1923; Reinbothe and Tschiersch, 1962) and their own data. They found a decrease in urea 
content in the first stages of sporophore formation, and a little increased urea content in 
fully opened cap tissue alone. Reinbothe and Tschiersch (1962) reported high urea 
accumulation for the late stages of postharvest senescence with the highest accumulation 
in gill tissue. In this work the urea content of the fruit body at stage 1 was high, but 
decreased in stages 2, 3 and 4 which is in line with the findings of Foret and Arpin (1991). 
However, our results showed the urea content of stipe tissue was as high as that of other 
tissues in these first stages of development. This indicates that urea might serve as a 
nitrogen reserve which can be used for synthesis of protein, cell wall and other 
nitrogenous compounds needed for formation and maintenance of the fruit body. It is also 
possible that the decrease is merely a result of dilution as the fruit body develops and 
grows to a larger volume. The low expression of arginase gene at these first stages is in 
line with the decrease of urea, which indicates that little extra urea is synthesized. The 
higher increase of urea in postharvest senescence compared to normal growth stages 5, 6 
and 7 might be the reason why Foret and Arpin (1991) found a lower urea accumulation 
since they were sampling normal growth mushrooms. As an explanation for the 
contradictive data on urea content of the gills by the different authors, Foret and Arpin 
(1991) suggested this to be the result of examination method and or sampling regime, 
however this may also be a feature of the mushroom grown under different circumstances 
such as compost composition (Kissmeyer-Nielsen et al., 1966; Kosson and Bakowski, 
1984). 
The enhanced expression of the arginase gene observed from stage 4 on, correlates very 
well with the accumulation of urea. This is in agreement with the view that the urea cycle 
is the major route for urea synthesis in A. bisporus (Reinbothe und Tschiersch, 1962). It 
also indicates that the accumulation of urea is the result of local synthesis. The higher 
increase of urea in postharvest senescence compared to normal development stages 5, 6 
and 7 did not correlate with a higher expression of the arginase gene. However, it is 
reasonable to assume that arginase transcript abundance would precede urea accumulation 
and so urea could continue to accumulate after arginase expression has declined. Still 
stipe tissue does not show a significant increase from stage 4 to 7. This may be explained 
by the presence of an urease activity as shown before (Reinbothe et al., 1967; Brunel, 
1936) or by translocation of the urea from stipe to cap. After harvest the fruit body is 
deprived from its main source of nutrients and water and is restricted to its own resources. 
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As the sporophore develops further to the fully opened stage 7, a sharp decrease in protein 
content is observed (Murr and Morris, 1975; Burton, 1988b). Protease activity is present 
during this postharvest senescence (Murr and Morris, 1975; Burton 1988b) and the 
continuous breakdown of amino acids results in an accumulation of urea (Hammond, 
1979). The process described as resource cycling involves breakdown of stored carbon 
and nitrogen in older parts of the organism for use in the actively growing regions 
(Burnett, 1968; Vennables and Watkinson, 1989; Lilly et al., 1994 and 1991; Michales, 
1992) and is analogous to events seen in postharvest senescence of the A. bisporus fruit 
body (Hammond and Nichols, 1975; Wannet et al., 2000; Burton et al., 1993a). Water, as 
the major cell constituent, is redistributed internally as dry matter is relocated from stipe 
to cap and gill tissue (Donker and Van As, 1999). Numerous mechanisms have been 
proposed, such as diffusion, cytoplasmic streaming, osmotically driven flow, transpiration 
and bulk flow (Jennings, 1995). 
The recently developed transformation system for different fungal species, including 
commercial heterokaryotic A. bisporus strains (de Groot et al., 1998) will be very useful 
in elucidating the complex function of the arginase enzyme by either over-expressing or 
down regulating the arginase gene through antisense silencing or promoter mutations, 
deletions or insertions. Even more, expression of reporter-fusion proteins should enable 
localization of metabolic activity in more detail at the tissue or cellular level. 
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Abstract 
Urea is a good nitrogen source for mycelial growth and was shown to 
accumulate to substantial amounts in sporophores of Agaricus bisporus. In 
higher plants, some fungi and many prokaryotes, urea is hydrolyzed by urease 
(EC 3.5.1.5). The urease gene of A. bisporus and its promoter region were 
identified and cloned using a PCR-probe based on fungal urease sequences. In 
this way the first full homobasidiomycete urease protein sequence was 
obtained. The promoter region and gene sequence comprised 3790 bp. Within 
this sequence an ORF of 2514 bp was identified which was interrupted by 9 
introns of 47-71 bp in length. The position of the introns was confirmed by 
cDNA analysis. The deduced protein of 838 amino acids has a calculated 
molecular mass of 90,694 Da with a theoretical pI of 5.8. The encoded protein 
resembles the γ, β and α subunits of the bacterial ureases fused into one protein 
as described previously for other eukaryotic ureases. An alignment with fungal, 
plant and bacterial ureases revealed a high conservation among the species 
included. Transcriptional regulation of the urease gene was studied by 
determining the mRNA levels in various parts of the A. bisporus fruit body 
during sporophore development. The expression of the urease gene was 
significantly up regulated in developmental stages 5 and stage 6 for stipe and 
cap tissue, respectively. The expression of urease in stipe tissue was much 
higher than in cap tissue and increased even towards stage 7. Urease expression 
in cap tissue had decreased to very low levels in stage 7. During postharvest 
senescence the expression of urease was mainly observed in the stipe tissue; 
expression decreased the first day and remained at a basal level through the 
remaining sampling period. In cap tissue low expression was observed only at 
harvest. For gill tissue no postharvest expression was found. 
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Introduction 
Higher fungi of the family Agaricaceae, including Agaricus bisporus, accumulate 
substantial amounts of urea in their fruit bodies (Chapter 3: Wagemaker et al., 2005; 
Hammond, 1979). Primordia of A. bisporus were found to contain high levels of urea 
which decrease in the following developmental stages, until stage four where urea levels 
increase again; with the exception of stipe tissue where no significant changes were 
observed. Despite the abundance of urea in the edible mushroom A. bisporus, little is 
known about its physiological role. Urea is chemically inert and soluble to high 
concentration. Therefore urea may serve as an osmotically favorable form of fungal 
nitrogen reserve (Cochrane, 1958), especially when the mannitol, an osmotically 
favorable form of carbon and energy reserve (Hammond and Nichols, 1976; Wood, 1985) 
stored during active growth, is used as a respiratory substrate in postharvest senescence 
(Hammond and Nichols, 1975). 
Urea formation is a result of purine catabolism and ornithine cycle activity, and urea 
release accompanies the biodegradation of nitrogenous compounds like arginine, 
agmatine, allantoin and allantoic acid (Vogels and van der Drift, 1976). 
A large increase in urea content of the stored mushroom may affect its quality, i.e. by the 
formation of ammonia from urea through the action of urease. Two pathways are 
encountered for urea degradation; hydrolysis via urease (EC 3.5.1.5) or via an ATP-
hydrolyzing urease (E.C. 3.5.1.45). In higher plants, some fungi and many prokaryotes, 
urea is hydrolyzed by urease. Urease is a nickel-containing enzyme that catalyzes urea 
hydrolysis into ammonia and carbamate. Carbamate is unstable and hydrolyzes 
spontaneously to carbonic acid and a second ammonia molecule. At physiological pH, the 
carbonic acid proton dissociates and the ammonia molecules equilibrate with water 
becoming protonated, resulting in a net increase in pH. In other fungi and in green algae, 
urea is first carboxylated to yield allophanate by an ATP-hydrolyzing urease. The 
allophanate in turn is hydrolyzed into two molecules each of ammonia and carbon dioxide 
(Leftley and Syrett, 1973; Roon and Levenberg, 1972). So far no data on the presence of a 
degradation pathway through allophanate in A. bisporus exist. No influence on the 
ammonia formation was found after addition of ATP to the urease reaction (unpublished 
data). Urea was shown to be a good nitrogen source for mycelial growth of A. bisporus 
(Baars et al., 1994) and urease activity was demonstrated in fruit bodies (Brunel, 1936; 
Chapter 2: de Windt et al., 2002). Besides urease, evidence for the presence of a urease 
inhibitor in cell free extracts has been presented (Reinbothe et al., 1967; Chapter 2: de 
Windt et al., 2002). 
Urease allows microorganisms to use externally and internally generated urea as a source 
of nitrogen (Mobley and Hausinger, 1989). In human pathogenesis various bacterial 
ureases have been implicated (Eaton et al., 1991; Jones et al., 1990; Cox et al., 2000). 
Ammonium hydroxide, released by urease activity, facilitates bacterial survival in an 
acidic environment (Marshall, 1988) and induces tissue damage (Mobley, 1996; 
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Murakami et al., 1995). Therefore, bacterial ureases are important virulence factors in 
medicine.  
Expression of a catalytically active urease in bacteria is usually directed by at least seven 
genes, which in general are arranged in operons (Collins and Dorazio, 1993; Mobley et 
al., 1995b; Koper et al, 2004). Activation of the urease apoenzyme by incorporation of 
nickel ions into the multimeric molecule is best understood in the bacterium Klebsiella 
aerogenes (Hausinger et al., 2001). It is accomplished by the coordinated action of four 
accessory proteins, encoded by ureD, -E, -F and -G. In bacteria three genes (ureA, -B and 
-C) encode the structural subunits (γ, β and α respectively) of urease, which associate in 
an (αβγ)n stoichiometry to form the urease apoenzyme (Jabri et al., 1995). In plants and 
fungi the structural urease protein is encoded by one gene which comprises homologues 
of the three bacterial genes. In this article we report the isolation and characterization of 
the first homobasidiomycete urease gene. The A. bisporus urease gene, promoter region 
and cDNA were isolated and characterized. Moreover it is shown that a correlation exists 
between the expression of urease at the mRNA level and the urea content of fruit bodies at 
different developmental stages and in postharvest senescence. 
 
Experimental procedures 
Agaricus bisporus strains and culture conditions 
A. bisporus Horst U1 and its homokaryotic parents, strains H39 and H97, were obtained 
from the collection of the Mushroom Experimental Station, Horst, The Netherlands. 
A. bisporus fruit bodies were grown and sampled as described before (Chapter 3: 
Wagemaker et al., 2005). Mushrooms for postharvest studies were sampled and stored as 
described by Eastwood et al. (2001). 
 
Escherichia coli strains, recombinants DNA techniques and enzymes 
E. coli LE392 (Promega) and E. coli XL1 blue (Stratagene) were used for phage 
amplification / λ DNA isolation, and plasmid transformation / propagation, respectively. 
Standard DNA manipulations were carried out as described in Sambrook et al. (1989). 
Restriction enzymes and other enzymes used for DNA manipulations were purchased 
from MBI Fermentas. Plasmid pUC19 (Yanisch-Perron et al., 1985) was used as cloning 
vector for genomic DNA fragments. The pGEM-T vector system (Promega) was used for 
cloning PCR products. Synthetic oligonucleotide primers were purchased from Biolegio 
BV and Isogen Bioscience BV. FlexiPrep Kit (Pharmacia Biotech) was used for plasmid 
isolation.  
 
Cloning of the Agaricus bisporus gene encoding urease 
For amplification of A. bisporus DNA encoding a part of the urease gene, synthetic 
degenerate inosine-containing deoxyoligonucleotide primers, designed from aligned 
regions conserved in Filobasidiella neoformans (O13465), Coccidioides immitis 
(O14420) and Schizosaccharomyces pombe (O00084), were used in PCR performed on a 
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Tgradient Thermocycler (Biometra) with strain Horst® U1 genomic DNA as a template. 
PCR primer 1 (5’-GGI CAY GCI CCI GAY ATY ATY-3’) encodes urease amino acids 
547-455 of the S. pombe sequence and primer 2 (5’-CCA IAR IAC IAR RTC NGC-3’) 
encodes the antisense codons of amino acids 701-706. A nested PCR was performed on 
0.1 µl of the first PCR product mix: primer 3 (5’-TIG AYA TGY TIA TGR TNT GYC 
A-3’) encodes urease amino acids 583-590 and primer 4 (5’-ATO GCO GGR TTD ATO 
GTR TAU TT-3’) encodes the antisense codons of amino acids 677-684. The initial 
denaturation step of 10 min at 95°C was used to add the Taq polymerase enzyme as a hot-
start and was followed by 30 cycles of 1 min at 95°C, 1 min 52°C, 2 min 72°C and as 
final extension step 5 min at 72°C. The amplified 301 bp product was cloned into pGEM-
T (Promega) and sequenced. The fragment was labeled using [α32P]dCTP by random 
oligonucleotide-priming (Feinberg and Vogelstein, 1983) (HexaLabelTM DNA Labeling 
Kit, MBI Fermentas) and used as a probe for the screening of a λEMBL3 genomic library 
of strain Horst H39 using conditions described previously (Schaap et al., 1996). Plaques 
giving a positive hybridization signal were purified and the urease gene was isolated from 
the λ-DNA by ligation of SalI fragments into pUC19 and subsequent sequence analysis of 
the subclones. 
Isolation, sequencing and characterization of ureA-cDNA from a mixed primordial small 
fruit body λ-ZAP-cDNA library (De Groot et al., 1996) was performed as described in 
Chapter 3 (Wagemaker et al., 2005). 
 
Amino acid sequence analysis 
Relevant protein sequences were extracted from the SwissProt or the TrEMBL protein 
databases. The sequences were aligned with the align utility of the Vector NTI Suite 
software (Informax) and the alignment was edited with GeneDoc. 
 
ureA
gU1 subclones
SalI
ureA ureCureB
P.mirabilis
A.bisporus
H.pylori
ureA ureB
Urease apoenzyme γ β α
gU2 gU3
SalI SalI SalI
cDNA 
gDNA
Fig. 1: Genomic map of the gene ureA encoding the urease of Agaricus bisporus strain H39 based 
on subcloning of the urease positive lambda phage. gU1, gU2 and gU3 are the subclones of the 
urease gDNA obtained after digestion with SalI. The gaps in the gDNA sequence indicate the 
position of introns. For comparison two bacterial type ureases are included together with the 
organization of the apoenzyme.  
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Northern analysis 
Total RNA was isolated from A. bisporus fruit bodies and analyzed as described before 
(Chapter 3: Wagemaker et al., 2005). The PCR product of forward primer 5’-GGC GAC 
GAA GTC AAA TTT GG-‘3 (ure1f) and reverse primer 5’-TCG TTG AGA GTG TCG 
GTA TG-‘3 (ure2r) was labeled with 32P-CTP and used as a probe (Chapter 3: 
Wagemaker et al., 2005). Northern blots were also probed with an A. bisporus 28S 
ribosomal DNA fragment (Schaap et al. 1996) as loading control. 
To study post harvest development mushrooms were sampled, stored and total RNA was 
isolated as described by Eastwood et al. (2001). The PCR-product of the ure1f and ure2r 
primers was used as probe through the incorporation of [α-32P]dCTP-labelled molecules 
via the RediPrimeTM random labelling system (Amersham International).  
 
Isolation of total genomic DNA, Southern blot analysis 
Total DNA from strains H39 and H97 was isolated (De Graaff et al., 1988), digested with 
various restriction enzymes, separated on 0.8% agarose gels and transferred onto Nytran® 
Super Charge membranes by vacuum blotting. DNA blots were washed at 65°C at a final 
stringency of 0.1X SSC, 0.1% SDS. 
 
Results 
Agaricus bisporus urease gene 
The work on urease was initiated by isolating a gene fragment from A. bisporus strain 
H39 genomic DNA by a nested PCR approach using degenerate primers. The degenerated 
primers were designed from conserved regions in the primary structure of urease 
sequences from Filobasidiella neoformans (Cox et al., 2000), Coccidioides immitis (Yu et 
al., 1997) and Schizosaccharomyces pombe (Tange and Niwa, 1997). A nested PCR was 
performed on the first amplification product and this resulted in a specific product of 296 
bp. BlastX search revealed identities of 74 and 75% with F. neoformans and Glycine max 
urease proteins, respectively. The fragment was used as a probe for screening the strain 
H39 λEMBL3 genomic library. Urease positive lambda DNA was isolated and digested 
with SalI restriction endonuclease and ligated in pUC19. The isolated promoter region and 
gene sequence comprised about 3.5 kb distributed over three SalI fragments; clones gU1, 
gU2 and gU3 (Fig. 1); and the full sequence was obtained by the primer walking method. 
The specific primers were also used in combination with pBluescript vector primers for 
isolation of the urease cDNA by a PCR on a cDNA library and subsequent sequencing. 
The genomic and cDNA sequence have been deposited in the Genbank/EMBL Databases 
under the accession numbers AJ748112 and AJ748113, respectively. The 3761 bp gDNA 
sequence contains an ORF of 2514 bp interrupted by 9 introns of 47-71 bp in length. The 
introns were confirmed by cDNA analysis and all appear to have normal fungal splicing 
sites (Unkles, 1992) except for intron 6 having gtatt instead of gtnng at its start. The 3’end 
of the cDNA was located 50bp downstream of the TAA stop codon just two bp upstream 
of a putative poly adenylation site (Humphrey and Proudfoot, 1988).  
 57
Chapter 4 
Four putative GATA factor binding motifs were found in the 471 bp urease promoter 
sequence (Fig. 2). Further, putative TATA box, a GC-box and a CAAT-box involved in 
transcription initiation could be identified. 
Southern analysis of genomic DNA of strains U1 and its homokaryotic constituents H39 
and H97, using a PCR product of primers ure1f and ure2r as a probe, indicated that a 
single copy of this gene is present in the genome of A. bisporus (Fig. 3). The Southern 
blot of the H97 strain shows two hybridization products for the ClaI digest instead of one 
as seen for H39. This is the result of a sequence polymorphism between the two parental 
strains of Horst U1 located in the wobble base and thus not resulting in a different amino 
acid (data not shown).  
The codon usage of the A. bisporus gene showed a limited bias towards a thymine in the 
third position of a codon (33.6%) similar to the NADP-dependent glutamate 
dehydrogenase (Schaap et al. 1996) and arginase (Chapter 3: Wagemaker et al., 2005), 
whereas in 55.8% of the codons a pyrimidine was used in the third position of a codon.  
This is significantly lower compared to the NADP-dependent glutamate dehydrogenase, 
arginase gene and the codon usages reported for other A. bisporus genes by Schaap et al. 
(1999). 
 
Amino acid sequence analysis 
The deduced protein sequence of 838 amino acids has a calculated molecular mass of 
90,694 Da with a theoretical pI of 5.8. The encoded protein resembles the γ, β and α 
subunits of the bacterial ureases fused into one protein (Fig. 1) as described before for 
other eukaryotic ureases. The A. bisporus urease gene provides the first full 
homobasidiomycete urease protein sequence. An alignment with fungal, plant and 
bacterial ureases revealed a high similarity among all the representative species included 
(Fig. 4). The Basidiomycete urease DNA sequences of Coprinus cinereus and 
Phanerochaete chrysosporium were extracted from the genome data provided by the Joint 
Genome Institute (JGI: http://genome.jgi-psf.org/)  and the Broad Institute 
(http://www.broad.mit.edu/) for analysis. The deducted protein sequences showed high 
-471 gatcattaagaggtgaacgacgtcgaatgaactgctgagtcacactttatc 
-420 ctatcctatttatacccacttaatcaccggtgtgaagttctcgagcacaccctgccactccgatacgtgt 
-350 ttatcggtgaattcccgaagagtcgtcttgtatggtatgcagtatggcttaatgacttgctcctactatg
-280 ccgaagtctggtctcgaaccaagagtgaaaccaaggggatggtagacaggtcatcggtgaccgcacacac 
-210 ccttttggttgggaaatcagcgaaggtgagctcagggaaaactttcctagtttcgtccttatctctcGGC 
-140 AAGTCTggcgggtgttcttatcttatctttatattcaagttccaacaagccgaccatggaagcgctactg 
-70 ttcctctgtttgctgctaccagttgtctcagacccattttcattctcctgaaagaaaatagaaaagggtcATG
Fig. 2: The 471 bp upstream urease promoter region. Indicated are: a putative CAAT-box (in 
capitals), a GC-box (box), a TATA-box (bold, italic underlined) and eight putative GATA factor 
binding motifs (in bold). 
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Fig. 3: Southern analysis of genomic DNA of Agaricus bisporus strains H39 and H97 probed with 
a urease gene PCR product obtained with primers ure1f and ure2r after digestion with different 
restriction enzymes. 
identity with the A. bisporus urease amino acid sequence, 76.7% and 75.3% respectively. 
High conservation of intron positioning was observed among the Basidiomycetes. Eight 
introns were conserved in all three species; one intron only with C. cinereus and one 
intron was conserved between C. cinereus and P. chrysosporium. C. cinereus possessed 
one unique intron. The fungal ureases from Filobasidiella neoformans (O13465), C. 
immitis (O14420) and S. pombe (O00084) revealed identities of 63, 60 and 60%, 
respectively with the A. bisporus urease. For plant urease Canavalia ensiformis (P07374) 
60% and the bacterial ureases 52-55 % identity was found. 
 
Regulation of urease expression 
Transcriptional regulation of the urease gene was investigated by determining the mRNA 
levels in various parts of the A. bisporus fruit body during sporophore formation. Tissue 
samples from developing fruit bodies were used for RNA isolation. Fig. 5 shows that the 
urease gene in normal growing sporophores has a low basal level of expression which was 
up regulated in stages 5, 6 and 7 for stipe and stage 6 for cap tissue. The expression in 
stipe tissue was much higher when compared with to cap tissue and was still increasing in 
stage 7. The expression in cap tissue decreased in stage 7. 
Expression of the urease gene in postharvest senescence revealed a down regulation in the 
first 24 hours postharvest (Fig. 6a.) if RNA was isolated from the complete fruit body. In 
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Ab : 
Fn : 
Ci : 
Sp : 
Ce : 
Hp : 
Pm : 
Ke : 
     
                                                                 
         .       400         .       420         .       440     
IGSSTEVIAGEKLIITAGGIDTHIHFICPQLVDEALASGLTTLIGGGTGPSAGTNATTCTPSPFY
VGSSTEVISGEKLITTAGRLDVHVHYISPQLMTEALASGITTVIGGGTGPADGSNATTCTSSSFY
VGSSTDVIACEGKIVTAGGIDTHVHFICPQQVEEALASGVTTLLGGGTGPTEGSNATTCTPAPNQ
IGSSTDVISAENKIVTYGGMDSHVHFICPQQIEEALASGITTMYGGGTGPSTGTNATTCTPNKDL
IGANTEVIAGEGLIVTAGAIDCHVHYICPQLVYEAISSGITTLVGGGTGPAAGTRATTCTPSPTQ
VGPATEALAGEGLIVTAGGIDTHIHFISPQQIPTAFASGVTTMIGGGTGPADGTNATTITPGRRN
IGPGTEVVAGEGKIVTAGGIDTHIHFICPQQAQEGLVSGVTTFIGGGTGPVAGTNATTVTPGIWN
IGAATEVIAAEGKIVTAGGIDTHIHWICPQQAEEALVSGVTTMVGGGTGPAAGTHATTCTPGPWY
 *  *        * **   * * *             *      ** **  *    *  *    
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    .       460         .       480         .       500         .
MRHMLAATDGLPMNFGFTGKGNDAGPTAIEEIVRAGASGLKLHEDWGTTPAAIRNCLDVADKYDV
MQNMIKATDTIPLNFGFTGKGSDSGTNAMRDIIEAGACGLKVHEDWGATAEVIDRALSMADEYDV
FKTMMQACDHLPINVGLTGKGNDSGLPSLRDQCRAGAAGLKVHEDWGATPAVIDTRLQVCDEFDI
IRSMLRSTDSYPMNIGLTGKGNDSGSSSLKEQIEAGCSGLKLHEDWGSTPAAIDSCLSVCDEYDV
MRLMLQSTDDLPLNFGFTGKGSSSKPDELHEIIKAGAMGLKLHEDWGSTPAAIDNCLTIAEHHDI
LKWMLRAAEEYSMNLGFLAKGNASNDASLADQIEAGAIGFKIHEDWGTTPSAINHALDVADKYDV
MYRMLEAVDELPINVGLFGKGCVSQPEAIREQITAGAIGLKIHEDWGATPMAIHNCLNVADEMDV
ISRMLQAADSLPVNIGLLGKGNVSQPDALREQVAAGVIGLKIHEDWGATPAAIDCALTVADEMDI
             *     **                   * ***** *          *     
      
      
 : 510
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 : 241
 : 241
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Sp : 
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Hp : 
Pm : 
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       520         .       540         .       560         .     
QVTIHTDTLNESGFVESTIEAFGGRTIHTYHTEGAGGGHAPDIIVVCGQNNVLPSSTNPTRPYAK
QINLHSDTLNESGYVESTLAAIKGRTIHSYHTEGAGGGHAPDIIVVCEYENVLPSSTNPTRPYAV
QCLIHTDTLNESGFVEQTINAFKNRVIHTYHTEGAGGGHAPDIISVVEKPNVLPSSTNPTRPYTV
QCLIHTDTLNESSFVEGTFKAFKNRTIHTYHVEGAGGGHAPDIISLVQNPNILPSSTNPTRPFTT
QINIHTDTLNEAGFVEHSIAAFKGRTIHTYHSEGAGGGHAPDIIKVCGIKNVLPSSTNPTRPLTS
QVAIHTDTLNEAGCVKDTMAAIAGRTMHTFHTEGAGGGHAPDIIKVAGEHNILPASTNPTIPFTV
QVAIHSDTLNEGGFYEETVKAIAGRVIHVFHTEGAGGGHAPDVIKSVGEPNILPASTNPTMPYTI
QVALHSDTLNESGFVEDTLAAIGGRTIHTFHTEGAGGGHAPDIITACAHPNILPSSTNPTLPYTL
    * * *** *  *              * ** *******        * ** ****  *   
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  580         .       600         .       620         .       640
NTLDEHLDMLMVCHHLDKSIPEDLDFAESRIRAETVAAEDVLHDIGAISMISSDSQAMGRIGEVI
NTLDEHLDMLMICHGLDKSIPEDIAFADSRIRSETVAAEDVLQDTGAISMISSDCQAMGRIGEVV
NTLDEHLDMVMVCHHLSKDIPEDVAFAESRIRSETIAAEDVLHDTGAISMLSSDSQAMGRCGEVV
NTLDEELDMLMVCHHLSRNVPEDVAFAESRIRAETIAAEDILQDLGAISMISSDSQAMGRCGEVI
NTIDEHLDMLMVCHHLDREIPEDLAFAHSRIRKKTIAAEDVLNDIGAISIISSDSQAMGRVGEVI
NPEAEHMDMLMVCHHLDKSIKEDVQFADSRIRPQTIAAEDTLHDMGIFSITSSDSQAMGRVGEVI
NTVDEHLDMLMVCHHLDPSIPEDVAFAESRIRRETIAAEDILHDMGAISVMSSDSQAMGRVGEVI
NTIDEHLDMLMVCHHLDPDIAEDVAFAESRIRRETIAAEDVLHDLGAFSLTSSDSQAMGRVGEVI
*   *   * *  * *      *  *  ** *  * **** * * *  *   **  **** **  
      
      
 : 640
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 : 371
 : 371
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         .       660         .       680         .       700     
SRTWRTASKMREVRGPLTDLGDDGRKDNARVKRYIAKYTVNPAIAHGISHLVGHVAVGTLADLVL
TRTWRTAAKMKQFRGPLEGDEP--TRDNNRVKRYVAKYTINPAITHGMSHLIGQVAVGCLADLVL
VRTWNTAHKNKTERGRLKEDEGT-DSDNFRVKRYISKYTINPAIAQGMAHTIGSVEVGKTADLVL
SRTWKTAHKNKLQRGALPEDEGS-GVDNFRVKRYVSKYTINPAITHGISHIVGSVEIGKFADLVL
SRTWQTADKMKAQTGPLKCDSS--DNDNFRIRRYIAKYTINPAIANGFSQYVGSVEVGKLADLVM
TRTWQTADKNKKEFGRLKEEKG--DNDNFRIKRYLSKYTINPAIAHGISEYVGSVEVGKVADLVL
LRTWQCAHKMKLQRGTLAGDSA--DNDNNRIKRYIAKYTINPALAHGIAHTVGSIEKGKLADIVL
LRTWQVAHRMKVQRGALAEETG--DNDNFRVKRYIAKYTINPALTHGIAHEVGSIEVGKLADLVV
 * **     *   * *         ** *  **  **** *    *     **   ** **   
      
      
 : 705
 : 700
 : 706
 : 705
 : 707
 : 436
 : 434
 : 434
      
Fig. 4: Sequence alignment of a part of the α subunit / region, residues 381-705 of the A. bisporus
urease sequence, comprising the nickel containing active site. Residues are numbered according to 
the A. bisporus sequence (identified residue is under the last digit), with conserved residues in grey 
boxes and residues involved in nickel binding, substrate binding or catalysis in black boxes. 
Residues conserved among 14 bacterial ureases (Jabri et al., 1996) are marked by an asterisk. 
Abbreviations and GenBank accession numbers are as follows: Ab, Agaricus bisporus (AJ748113); 
Fn, Filobasidiella neoformans (O13465); Ci, Coccidioides immitis (O14420); Sp, 
Schizosaccharomyces pombe (O00084); Ce, Canvalia ensiformis (M65260); Hp, Helicobacter pylori
(X17079); Pm, Proteus mirabilis (M31834); Ke, Klebsiella aerogenes (M36068). 
Urease 
further senescence a basal level of urease expression remained (Fig. 6b.). Studied in more 
detail (Fig. 6c.) the postharvest expression of urease appeared to be mainly situated in 
stipe tissue. Expression decreased the first day but remained at a basal level, whereas in 
cap tissue at harvest a low expression was observed decreasing below detection level 
within one day. For gill tissue no postharvest mRNA expression was detected. 
1 2      3 4     5 6      7
Stipe  ureA
28S
2 3 4 5 6 7
Cap  ureA
28S
 
Fig. 5: Northern analysis of total RNA isolated from pooled Agaricus bisporus Horst U1 stipe 
and cap tissues cut from fruit bodies in different stages of development (indicated by the 
numbers). Ten micrograms of total RNA was size-fractionated and hybridized with an urease 
gene fragment or a 28S rRNA gene fragment.  
 
Discussion 
Ureases found in bacteria, fungi and higher plants (Mobley et al., 1995a) are highly 
conserved. In most bacterial species the urease structural enzyme is encoded by three 
genes: a large catalytic subunit (α), encoded by the ureC gene, and two smaller subunits 
(β and γ) which are the products of ureB and ureA, respectively. The three subunits can 
associate as a heteromultimer with (αβγ)n stoichiometry to form the urease apoenzyme. 
Whereas the ureases of most bacterial species have been found to possess three distinct 
subunits, Helicobacter species produce ureases with only two distinct subunits (Clayton, 
et al., 1990). Here, the subunits β and γ are encoded by one gene ureA which is a fusion 
of the ureA and ureB genes from the bacterial system. In higher plants and fungi the 
enzyme is made up of only one unit comprising the three subunits encoded by a single 
gene (Takashima et al., 1988). The urease of the fungus A. bisporus presented in this work 
also is the product of one single gene and shows high similarity to the eukaryotic ureases 
and less to the bacterial enzymes. A complete description of the secondary structure 
elements and an indication of which residues are orientated to the interior of the (αβγ)-
trimer of Klebsiella aerogenes urease was presented by Jabri et al. (1995, 1996). Their 
alignment of 14 bacterial ureases along with jack bean urease showed 189 residues to be 
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Fig. 6: Northern analysis of A. bisporus Horst U1 total RNA from isolated from: a. whole fruit 
bodies, lanes indicate 0 to 5 days postharvest storage. b. stipe, cap and gill tissue of A. 
bisporus Horst U1 fruit bodies stored 0, 1 and 2 days. c. whole fruit bodies, lanes indicate 0 to 
24 hours postharvest storage. Ten micrograms of total RNA was size-fractionated and 
hybridized with an urease gene fragment or a 28S rRNA gene fragment 
identical (illustrated in Fig. 4 by columns marked with an asterisk). Six residues were 
involved in nickel ligation and five (Hisα219, Hisα320, Glyα277, Alaα363, and Metα364 of the 
K. aerogenes urease α-subunit) were implicated either by biochemical means or by the 
structure, in substrate binding or catalysis. Also in our alignment of the fungal species F. 
neoformans, C. immitis and S. pombe along with jack bean urease and three bacterial 
ureases (from Proteus mirabilis, Helicobacter pylori and Klebsiella aerogenes) those 
residues are conserved. A total of 178 residues were proposed to be important in hydrogen 
bonding and hydrophobic interactions within the αβγ unit or in interactions to build the 
(αβγ)3 trimer; 27 of these residues were not identical in our alignment. 
The clear correspondence between the amino acid sequence of the fungal and plant 
ureases that consist of single units and the two or three subunit bacterial ureases indicate 
the occurrence of gene fusion or disruption events during evolution (Hausinger, 1993). 
Sequences which are very similar to the intron splice acceptor consensus sequences were 
found in the DNA sequence between the ureA and ureB ORFs of P. mirabilis. On basis of 
this it was suggested, that the origin of ureA and ureB may have resulted from an intron 
site that is not functional in prokaryotes (Mobley et al., 1995a). Such a scenario is 
consistent with a eukaryote-to-prokaryote urease gene exchange during evolution. 
Urease 
However the absence of conservation of one or more introns among the eukaryotic 
ureases while they share higher identity than with P. mirabilis or other bacterial urease 
sequences and the presence of a set of accessory genes in one operon in bacteria makes a 
gene fusion more likely. 
The accumulation of urea in the fruit body of A. bisporus was proposed to facilitate the 
translocation of water and metabolites in fruit bodies (Donker and Van As, 1999), which 
is required for the production of spores. Urea could be used as an osmoticum to drive cell 
expansion and therefore cap expansion. Expansion is more important to cap opening than 
growth is. Data suggests that sugars drive expansion during natural development (Wood, 
1985), but in postharvest most sugars and soluble proteins are metabolized (Hammond 
and Nichols, 1976, 1979). Therefore, urea could be involved in continued cap expansion 
during postharvest development. Secondly, in postharvest development, urea was 
proposed to be the end product of catabolic pathways (Reinbothe et al., 1967; Foret 1990). 
The observed difference in urea accumulation between the stipe and the rest of the fruit 
body (Chapter 3: Wagemaker et al., 2005) illustrates the dynamics of the translocation 
process of water and metabolites. The expression of the urease gene is in accordance with 
this hypothesis. The expression of urease during normal growth was higher in stipe tissue 
compared to other tissues and prolonged to stage 7 where also no accumulation of urea 
was observed (Chapter 3: Wagemaker et al., 2005). The expression in cap tissue stopped 
at stage 6 when the urea content increased. For cap tissue the higher accumulation of urea 
in postharvest senescence when compared to normal development stages 5, 6 and 7 did 
not correlate with a higher expression of the arginase gene (Chapter 3: Wagemaker et al., 
2005) but can be explained by an earlier stop in urease expression.  
In Coprinus cinereus high urease activity in mycelium and stipe tissue was demonstrated 
but no detectable activity in cap tissue was found which correlated with the accumulation 
of urea in cap tissues (Ewaze, 1978). A causal relationship between urea accumulation 
and water influx into developing cap tissues was proposed identical to the situation in 
A. bisporus. The up regulation of ammonium scavenging enzymes, NADP linked 
glutamate dehydrogenase (NADP-GDH) and glutamine synthetase (GS) in cap tissue 
(Stewart and Moore, 1974) was linked with the start of karyogamy (Moore et al., 1987a). 
It was suggested that the role of the GS and NADP-GDH ammonium-scavenging is to 
maintain an ammonium-free environment in a cell during sporulation; since such 
processes are inhibited by the presence of ammonium (Freese et al., 1982; Fowell, 1969; 
Moore et al., 1987b; Tingle et al., 1973). An expression study of gdhA, gdhB and glnA, 
and activity measurements of the corresponding enzymes during sporophore formation 
and postharvest development will unravel the scavenging role of the primary ammonia 
assimilating enzymes in A. bisporus. 
The urea decrease in the premature stages of sporophore formation indicates that urea 
might serve as a nitrogen reserve used for synthesis of protein, cell wall and other 
nitrogenous compounds needed in the development of the fruit body. The expression of 
the urease gene presented in this paper is in line with the observed urea levels (Chapter 3: 
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Wagemaker et al., 2005) and activities measured (Reinbothe et al., 1967). The decrease in 
urea content of the growing sporophore was thus not only the result of the dilution effect 
as the fruit body develops and grows to a larger volume. The urease activity demonstrated 
(Brunel, 1936), indicates that ammonium is produced and can be re-assimilated by the 
primary ammonium assimilation pathways addressed by Baars (1996a) and Kersten et al. 
(1997, 1998, 1999a-c). For mature fruit bodies of A. bisporus however, no re-assimilation 
of urea-ammonia was determined as was shown for puff-balls of Lycoperdon pyriforme 
(Reinbothe et al., 1967). A rise in alanine and proline concentration after urea 
administration suggested assimilation of the urea nitrogen.  
Because urease activity is evident and high levels of urea are present, a different cell 
localization of the urease enzyme and the high level of urea might be speculated. 
Sequence data on the arginase (Chapter 3: Wagemaker et al., 2005) and urease genes 
indicate, that production of urea as well as the degradation are cytosolic activities, since 
the encoded protein sequences do not show translocation signals. Identification and 
localization of the previously reported inhibitor (Reinbothe et al., 1967; Chapter 2: de 
Windt et al., 2002) and its role in controlling the urease enzyme activity will give a better 
understanding of the various functions that urea accumulation fulfils in A. bisporus fruit 
body formation. The expression of the urease enzyme as a reporter-fusion protein would 
enable to study the enzyme and its localization. 
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Abstract 
Accumulation of high quantities of urea in fruit bodies is a known feature of 
higher basidiomycetes. Argininosuccinate synthetase (ASS) and 
argininosuccinate lyase (ASL) are two ornithine cycle enzymes catalyzing the 
last two steps in the arginine biosynthetic pathway. Arginine is the main 
precursor for urea formation. In this work the nucleotide sequences of the 
genes and corresponding cDNA’s encoding argininosuccinate synthetase (ass) 
and argininosuccinate lyase (asl) were determined. Eight and six introns were 
present in the ass and asl gene, respectively. The location of four introns in the 
asl gene were conserved among vertebrate asl genes. Deduced amino acid 
sequences, representing the first fully reported basidiomycete ASS and ASL 
protein sequences, were analyzed and compared to their counterparts in other 
organisms. The ass ORF encoded for a protein of 425 amino acids with a 
calculated molecular mass of 47,266 Da. An alignment with ASS proteins from 
other organisms revealed high similarity with fungal and mammalian ASS 
proteins, 61-63% and 51-55% identity, respectively. The asl ORF encoded a 
protein of 464 amino acids with a calculated mass of 52,337 Da and similar to 
ASS shared the highest similarity with fungal ASL proteins, 59-60% identity.  
Northern analysis of ass and asl during sporophore formation and postharvest 
development revealed that expression was significantly upregulated from 
developmental stage 3 on for all the tissues studied. The expression reached a 
maximum at stage 7 of normal growth except ass expression in gill tissue 
reached its maximum at stage 6. Upregulation of the ass and asl gene within 3 
hours after harvest shows that the induction mechanism is very sensitive to the 
harvest event and emphasizes the importance of the arginine biosynthetic 
pathway / ornithine cycle in postharvest senescence.  
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Introduction 
Argininosuccinate synthetase (ASS; EC 6.3.4.5) and argininosuccinate lyase (ASL; EC 
4.3.2.1) represent the last two steps in the arginine biosynthetic pathway catalyzing the 
conversion of citrulline and aspartate into argininosuccinate and then to arginine and 
fumarate successively. Arginine is a major precursor for protein synthesis and is involved 
in production of creatine, polyamines and proline. Being part of the ornithine cycle, ASS 
and ASL are involved in the detoxification of ammonia through the production of urea in 
ureotelic species. In mammals, deficiency in ASL and ASS leads to argininosuccinic 
aciduria (Allan et al., 1958; Levy et al., 1980) and classical citrullinemia (Ratner and 
Petrack, 1951; McMurray et al., 1962), respectively.  
In a reversible two-step reaction argininosuccinate is generated by action of ASS. First an 
activated intermediate, AMP-citrulline is formed by addition of MgATP2-, then ligation 
with aspartate forms argininosuccinate in the second part of the reaction (Ratner, 1973). 
The subsequent reversible conversion of argininosuccinate to fumarate and arginine is 
catalyzed by ASL. The fumarate synthesized links the urea cycle and the citric acid cycle.  
ASL belongs to a superfamily of homotetrameric enzymes including fumarases, 
aspartases, adenylosuccinate lyases, 3-carboxy-cis,cis-muconate lactonizing enzyme and 
δ-crystallin, the major structural component of avian and reptilian eye lenses. These 
enzymes share similar three dimensional structures (Simpson et al., 1994; Abu-Abed et 
al., 1997; Weaver et al., 1995; Shi et al., 1997) and catalyze homologous reactions with 
the formation of fumarate as one of the products. Although the sequence similarity is low, 
three highly conserved regions denoted C1, C2 and C3 have been identified. The 
signatures are spatially distant in the monomer but cluster together in the tetramer to form 
a multisubunit active site in which the three regions are contributed by a different 
monomer (Sampaleanu et al., 2001). This accounts for the observed phenomenon of 
intragenic complementation (McInnes et al., 1984), which occurs when a multimeric 
protein is formed from subunits produced by two different mutated alleles of a gene. An 
additional interest for the two enzymes comes from their participation in the citrulline-NO 
cycle (Nussler at al., 1994; Hattori at al., 1994) in which ASS was found to have a rate 
limiting role in high output NO synthesis (Xie and Gross, 1997).  
For ASS a number of highly conserved regions have been identified. The presence of a 
glycine-rich motif common to a subset of ATP pyrophosphatases defines ASS as the 
fourth structurally defined member of the N-type ATP pyrophosphatases (Lemke and 
Howell, 2001). Three other conserved regions were shown to be involved in aspartate and 
citrulline binding.  
Few data are available on the arginine biosynthetic pathway in Agaricus bisporus. Heavy 
isotope tracer experiments with precursors and intermediate metabolites of the ornithine 
cycle (urea cycle) have proven the existence of the pathway in A. bisporus and revealed 
the presence of ornithine carbamoyltransferase, ASS and arginase by activity 
measurements (Reinbothe et al., 1969; Wasternack and Reinbothe, 1967). 
β-Methylaspartate and δ-N-acetylornithine were found to block ASS activity and caused 
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14C-citrulline to accumulate.  
The ornithine cycle has been demonstrated to be the main route for urea synthesis 
(Reinbothe et al., 1967) although the contribution of the purine degradation pathway 
could not be excluded (Hammond, 1979; Chapter 2: de Windt et al., 2002). It is known 
for members of the family Agaricaceae that they accumulate substantial amounts of urea 
in their fruit body. Hammond reported for A. bisporus an urea content of 0.1% g/g (dry 
matter) at harvest, which increased tenfold during storage at room temperature for four 
days. Beside its function as a nitrogen storage compound after ammonium overflow 
through arginine, it was proposed that urea may act as an osmotic solute (Chapters 3: 
Wagemaker et al., 2005a; Chapter 4: Wagemaker et al., 2005b; Cochrane, 1958; Donker 
and Van As, 1999). The product quality of harvested mushrooms is lost during storage 
because the mushroom maintains its function to produce and release spores. The processes 
described as post harvest senescence are under genetic control (Chapters 3: Wagemaker 
et al., 2005a; Chapter 4: Wagemaker et al., 2005b; Kingsnorth et al., 2001; King and 
O’Donoghue, 1995). The continued development occurs despite the mushroom being 
nutritionally isolated. It was shown that stored carbohydrate levels fall to almost zero 
within days of postharvest storage (Hammond and Nichols, 1975), therefore, the 
mushroom must obtain its nutrition from other sources and it was hypothesized that 
nitrogen metabolizing pathways would be crucial (Kingsnorth et al., 2001). Protein is the 
main source of nitrogen available for redistribution after harvest. Increased protease levels 
were found in A. bisporus fruit bodies releasing large amounts of amino acids (Burton; 
1988a; Burton et al., 1997a). Understanding the regulation of genes involved in the 
ornithine cycle after harvest would inform programs initiated to improve mushroom 
quality and make clear how fungal morphogenesis is maintained under low carbon 
conditions.  
In this study we describe the isolation and characterization of the A. bisporus ASS and 
ASL genes and cDNA clones. Both represent the first basidiomycete sequence in their 
family. Furthermore expression studies have been performed during sporophore 
development and postharvest senescence.  
 
Experimental procedures 
Agaricus bisporus strains and culture conditions. 
A. bisporus Horst U1 and its homokaryotic parents, strains H39 and H97, were obtained 
from the collection of the Mushroom Experimental Station, Horst, The Netherlands. 
A. bisporus fruit bodies were grown and sampled as described in Chapter 3 (Wagemaker 
et al., 2005a). Harvested mushrooms, stage 2 (NB Hammond and Nichols (1975) stage 2), 
were either frozen immediately under liquid nitrogen, termed time 0, or stored in a 
controlled environment, 18°C and 90-95% relative humidity, before freezing under liquid 
nitrogen. Samples were taken at a.): three hourly intervals for the first 24 hours post 
harvest, b.): 24 hourly intervals for 5 days following harvest, and c.): 24 hour intervals for 
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2 days postharvest, where mushrooms were dissected into stipe, cap and gill tissue. Frozen 
samples were stored at -80°C. 
Escherichia coli strains, recombinants DNA techniques and enzymes. 
E. coli XL1-blue MRF’ and SOLR (Stratagene) were used for plating the cDNA library 
and in vivo excision of cloned cDNA inserts. E. coli LE392 (Promega) and E. coli XL1 
blue (Stratagene) were used for phage amplification / λ DNA isolation, and plasmid 
transformation / propagation, respectively. Standard DNA manipulations were carried out 
as described in Sambrook et al. (1989). Restriction enzymes and other enzymes used for 
DNA manipulations were purchased from MBI Fermentas. Plasmid pUC19 (Yanisch-
Perron et al., 1985) was used as cloning vector for genomic DNA fragments. The pGEM-
T vector system (Promega) was used for cloning PCR products. Synthetic oligonucleotide 
primers were purchased from Biolegio BV and Isogen Bioscience BV. 
 
Cloning of the A. bisporus ass gene 
For amplification of A. bisporus DNA encoding a part of the ass gene, synthetic 
degenerate inosine-containing deoxyoligonucleotide primers were designed from 
conserved regions in the corresponding E. coli (argG: P22767), human (ass: P33280) and 
Saccharomyces cerevisiae (arg1: P22768) genes. The primers were used in a PCR with 
strain Horst® U1 genomic DNA as a template. Primer 1 (5’-ACI GGI AAR GGN AAY 
GAY C-3’) encodes amino acids 118-124 of the S. cerevisiae ASS amino acid sequence 
and primer 2 (5’-TTY TCR TCI GTI SWC CAN GG-3’) encodes the antisense codons of 
amino acids 177-183. The initial denaturation step of 10 min at 95°C was used to add the 
Taq polymerase enzyme as a hot-start and was followed by 30 cycles of 1 min at 95°C, 1 
min 58°C and 2 min 72°C. The amplified 252 bp product was cloned into pGEM-T 
(Promega) and sequenced.   
Isolation of the ass gene from a λEMBL3 genomic library of strain Horst H39 and a 
mixed primordial small fruit body λ-ZAP-cDNA library (de Groot et al., 1996), 
subsequent sequencing and characterization was basically performed as described in 
Chapter 3 (Wagemaker et al., 2005a). The isolation of the ass 5’-prime end was 
established with an ass-specific forward primer (assMf: 5’-ACT TAC TCT TAA GAA 
TGC CTG-‘3) and reverse primer (ass2r: 5’-GCA ACA GTT TGT TGG ACA GG-‘3) 
based on the ass-gDNA nucleotide sequence.  
 
Cloning of the A. bisporus asl gene 
The asl gene was isolated from a A. bisporus C54-carb8 genomic Lawrist cosmid library 
(Yague, 1996) combined with direct PCR cloning of a fragment, encoding the 5’prime 
region of the asl gene. A first screening of the cosmid library was performed at 87 pooled 
batches comprising DNA from 96 E. coli clones containing Lawrist cosmids by means of 
a PCR with specific ASL primers designed to the asl cDNA sequence (Eastwood et al., 
2001). PCR products of the correct size were sequenced and identified by BlastX analysis. 
A second screening by colony hybridization was performed with the 96 E. coli clones 
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from the positive batch. The 32P-CTP labeled asl cDNA was used as a probe. The asl gene 
sequence was obtained from the isolated cosmid, containing the asl gene, by the primer 
walking method. The PCR fragment encoding the 5’ of the asl gene was obtained with 
specific primers from A. bisporus C54-carb8 total DNA. The forward primer (asl1f: 5’-
CCC ACA ACG TGC CAG CTA T-3’), ranging basepare -17 to +2 of the asl gene 
sequence, was designed to the asl gene promoter sequence isolated as described in 
Chapter 4 (Wagemaker et al., 2005b). The 32P-CTP labeled asl cDNA was used as probe. 
The reverse primer was complementary to the asl cDNA bp 268-289 (asl2r: 5’-GAC GTT 
CAT TGG CAG TGT GTA T-3’). 
 
Phylogenetic analysis 
Protein sequences were extracted from the SwissProt or TrEMBL protein database (See 
Table 1 and 2). The sequences were aligned with the align utility of Vector NTI Suite 
software (Informax) and a tree was constructed with Treeview. 
 
Northern analysis 
Total RNA was isolated from A. bisporus fruit bodies and analyzed as described in 
Chapter 3 (Wagemaker et al., 2005a). Postharvest development was studied as described 
by Eastwood et al. (2001). The PCR product obtained using forward primer 5’-CAT TCA 
TGG CAG ATG TAG GC-‘3 (ass1f) and reverse primer ass2r, was labeled with 32P-CTP 
as described in Chapter 3 (Wagemaker et al., 2005a) and used as ass probe. The 32P-CTP 
labeled asl cDNA (Eastwood et al., 2001) was used as asl probe. Northern blots were also 
probed with an A. bisporus 28S ribosomal DNA fragment (Schaap et al. 1996) as loading 
control. 
 
Isolation of total genomic DNA, Southern blot analysis 
Total DNA from strains H39 and H97 was isolated (De Graaff et al., 1988), digested with 
various restriction enzymes, separated on 0.8% agarose gels and transferred onto Nytran® 
Super Charge membranes by vacuum blotting. DNA blots were washed at 65°C at a final 
stringency of 0.1X SSC, 0.1% SDS. 
 
Results 
The ass gene 
For isolation of the ass gene degenerate primers, were designed based on conserved amino 
acid residues identified by alignment of the ASS amino acid sequences from Escherichia 
coli, human and Saccharomyces cerevisiae. An 252 bp fragment was obtained from a 
PCR performed on Horst U1 genomic DNA and sequenced. The fragment was identified 
by BlastX analysis as an ass gene fragment sharing 72% and 71% identity with the S. 
cerevisiae ASS protein over two regions interrupted by a putative intron in the Agaricus 
bisporus gene fragment. The fragment was used as a probe to screen a H39 genomic 
library and positive λ-clones were isolated and used as template in an inverted-PCR with 
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specific primers based on the ass gene fragment for isolation of the complete gene. The 
same specific primers were used for isolation of the ass cDNA from a Lambda Zap cDNA 
library by PCR techniques. 
The 2240 bp isolated ass gene region comprised 190 bp promoter region, 1275 bp ORF 
interrupted by eight introns and 394 bp 3’ UTR. All introns, ranging in size from 51 to 73 
bp, were confirmed by cDNA analysis and appeared to have normal fungal splicing sites 
(Unkles, 1992). The nucleotide sequences reported here have been deposited in the 
Genbank/EMBL databases under the accession numbers AJ864863 and AJ864864 for the 
cDNA and the gDNA sequence, respectively. 
In the 190 bp ass promoter region isolated (Fig. 1a), one TATA box was found at position 
-115 bp upstream from the translation start. A putative CAAT-box followed by a CT-rich 
stretch described for the CCAAT regulatory factor, CTF/NF-I, binding domain (Unkles, 
1992; Nussinov, 1986; 1992) was found at position -79. Another putative CAAT-box was 
found at position -142 but was not followed by a CT-rich stretch. Three putative GATA-
factor binding sites at positions -149, -95 and -88 appear to be present. Furthermore a 
CTCA repeat was found repeating itself seven times starting at position -56 bp from the 
translation start. The repeat is only once interrupted by an adenosine residue in the five 
repeats. No known consensus sequence for eukaryotic polyadenylation recognition motif 
was found in the region surrounding the polyadenylation site. 
 
ASS amino acid sequence analysis 
The codon usage of the A. bisporus ass gene shows a bias towards a thymine in the third 
position of a codon (37%) and 66% of the codons use a pyrimidine in the third position. 
The ass gene encodes a 425 aa protein with a calculated molecular weight of 47,266 Da 
and an isoelectric point of 5.2. The deduced amino acid sequence was aligned with 
corresponding ASS sequences from other organisms, using the Vector NTI align program. 
The organisms chosen include Bacteria (actinobacteria, proteobacteria, firmicutes and 
cyanobacteria), Archaea and Eukaryota (Viridiplantae, Metazoa and Fungi) and similar 
species were selected for the ASL alignment. 
The amino acid sequences of 23 ASS proteins as listed in Table 1 were aligned. The 
alignment showed striking similarity between A. bisporus ASS and the corresponding 
enzymes from Saccharomyces cerevisiae and Schizosaccharomyces pombe showing 61 
and 63% identity, respectively. The three fungi represent the fungal group in the 
phylogenetic tree (Fig. 3a) of the 23 ASS enzymes used in our alignment. The fungal ASS 
cluster together with the eukaryotic ASS enzymes from mammalian and insect species 
showing identities ranging from 51 to 55% and 47 to 49%, respectively. The fungal ASS 
are less related to the plant (43% identity), archaea (37-42% identity) and bacteria (21-
48% identity) ASS. The alignment clearly showed the highly conserved regions (Fig. 2a) 
documented in Prosite as ASS consensus sequences. A glycine rich motif A ([A/S]-[F/Y]-
S-G-G-[L/V]-D-T-[S/T]) common to a subset of N-type ATP pyrophosphatases (Tesmer 
et al., 1996) and the site with consensus sequence (motif B, Fig. 2a) G-x-T-x-K-G-N-D-
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-191                                                        gatttgaact 
-180 cgctttctac ggtctcaaac ctgaatctag ctatcgatCA ATaatggayt ccaaaaaaat
-120 gtattTATAg attcaaataa cggccgatag gctatctttt tCAATccctt ttacatccct
-60 cttcctcact cactcactca ctcaactcac tcactcttat ccctcaactt actcttaaga ATG
ass-promoter. 
-358   cagctgca tgcctgcagg tcgacatcta tcagccaaga caggtagcat gaggggaaag
-300 gtgaagattc cgccggagca tagtctggcg cgagggactc aacgcggaaa tgaagatgca
-240 ggatggcgag actcacgcat tagcgacgat cgaacaacaa gcaaacgact tCCAATagac
-180 tgaggttgtc cgtgaaggac aaagggaagc catggcttgc aggggaggag cggcaggtga
-120 ggcccTATAt gggctcaggg acgcaagtat gcttgcacgt gatgccccac tttcccgatc 
-60 gcgcagatct ctgCAATcag ccagcgtatt tagcccgcct gtccccacaa cgtgccagct ATG
asl-promoter. 
Fig. 1: Promoter region of: the ass and the asl gene from Agaricus bisporus H39. Putative AREA 
and CREA binding sites are marked in bold and bold/italics, respectively. A CT-rich region is
underlined. TATA boxes and CAAT motif are in bold capital. 
x(2)-R-F involved in aspartate binding (Lemke and Howell, 2001) were observed. Two 
regions, (S-x-D-x-N-x(6)-E) and (E-[N/D]-R-x(4)-K-x(4)-Y-E) (motifs C and D, 
respectively, Fig. 2a) found largely to be responsible for citrulline binding by forming β-
hairpins enabling formation of a four-stranded β-sheet were also conserved in the ASS 
alignment.  
 
The asl gene 
The 5’prime truncated asl cDNA was isolated from a λ-ZAP cDNA library by differential 
screening (Eastwood et al., 2001) and identified by sequence analysis showing 80 % 
similarity in a translation BLAST to the S. pombe (P40369) ASL protein sequence. The 
full length asl gene sequence was determined from analysis of A. bisporus genomic DNA 
isolated from an A. bisporus C54-carb8 genomic Lawrist cosmid library. Exon/intron 
boundaries were identified by the determination of conserved gtnng and yag intron 
boundaries (Unkles, 1992). However, the cosmid sequence showed an unfortunate 
artificial HindIII ligation at position 195 in the asl gene sequence as submitted to the 
EMBL database. The missing N-terminal encoding region was isolated from total 
A. bisporus DNA by PCR using specific primers derived from an A. bisporus H39 asl 
gene fragment, isolated from an ass-positive λ-clone by SalI digestion. 
The asl gene revealed an ORF of 1392 bp interrupted by 6 introns of which 5 were 
confirmed by cDNA sequence analysis. The sixth intron, bp 66-114 of the asl gene, was 
deduced from the asl gene sequence as described previously for the ass gene. All introns 
appear to have normal splicing sites and range in size from 45 to 62 bp. The additional 
nucleotide sequences reported here have been deposited in the Genbank/EMBL databases 
as an update to the asl genomic and cDNA entries, accession numbers AJ277474 and 
AJ271691, respectively. The 358 bp of the promoter region (Fig. 1b) was deposited in the 
Genbank/EMBL databases under the accession number AJ864865. One putative TATA- 
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Eukaryota; Fungi; Basidiomycota
Eukaryota; Metazoa
Eukaryota; Metazoa
Eukaryota; Metazoa
Bacteria; Aquificae
Archaea; Euryarchaeota
Bacteria; Firmicutes
Bacteria; Alphaproteobacteria
Eukaryota; Fungi; Ascomycota
Eukaryota; Viridiplantae
Bacteria; Actinobacteria
Bacteria; Gammaproteobacteria
Eukaryota; Metazoa
Eukaryota; Metazoa
Bacteria; Gammaproteobacteria
Eukaryota; Metazoa
Archaea; Euryarchaeota
Archaea; Euryarchaeota
Archaea; Euryarchaeota
Bacteria; Actinobacteria
Bacteria; Proteobacteria
Eukaryota; Metazoa
Eukaryota; Metazoa
Eukaryota; Fungi; Ascomycota
Eukaryota; Fungi; Ascomycota
Eukaryota; Fungi; Ascomycota
Bacteria; Cyanobacteria
AJ271691
P24057
P24058
P33110
O67383
O29379
O34858
Q8YJJ7
P43061
P22675
O88101
P11447
P02521
P05083
P44314
P04424
Q58201
O74026
O26369
P94994
P50987
P51464
P20673
P04076
P41906
P40369
P73257
ARLY_ABISP
CRD1_ANAPL
CRD2_ANAPL
CRD1_ANSAN
ARLY_AQUAE
ARLY_ARCFU
ARLY_BACSU
ARLY_BRUME
ARLY_CANAL
ARLY_CHLRE
ARLY_CORGL
ARLY_ECOLI
CRD1_CHICK
CRD2_CHICK
ARLY_HAEIN
ARLY_HUMAN
ARLY_METJA
ARLY_METMP
ARLY_METTH
ARLY_MYCTU
ARLY_PSEAE
ARLY_RANCA
ARLY_RAT
ARLY_YEAST
ARLY_SACDO
ARLY_SCHPO
ARLY_SYNY3
Agaricus bisporus
Anas platyrhynchos
Anas platyrhynchos
Anser anser anser
Aquifex aeolicus
Archaeoglobus fulgidus
Bacillus subtilis
Brucella melitensis
Candida albicans
Chlamydomonas reinhardtii
Corynebacterium glutamicum
Escherichia coli
Gallus gallus
Gallus gallus
Heamophilus influenzae
Homo sapiens
Methanocaldococcus jannaschii
Methanococcus maripaludis
Methanothermobacter thermautotrophicus
Mycobacterium tuberculosis
Pseudomonas aeruginosa
Rana catesbeiana
Rattus norvegicus
Saccharomyces cerevisiae
Saccharomyces douglasii
Schizosaccharomyces pombe
Synechocystis sp. PCC 6803
DescriptionAcc. No.Species
Table 2: Names and origins for nucleotide sequences of argininosuccinate lyase enzymes
Swissprot
Eukaryota; Fungi; Basidiomycota
Bacteria; Aquificae
Eukaryota; Viridiplantae
Archaea; Euryarchaeota
Bacteria; Firmicutes
Eukaryota; Metazoa
Bacteria; Alphaproteobacteria
Bacteria; Gammaproteobacteria
Bacteria; Epsilonproteobacteria
Bacteria; Actinobacteria
Eukaryota Metazoa
Bacteria; Gammaproteobacteria
Bacteria; Gammaproteobacteria
Eukaryota; Metazoa
Archaea; Euryarchaeota
Archaea; Euryarchaeota
Bacteria; Actinobacteria
Bacteria; Gammaproteobacteria
Bacteria; Proteobacteria
Eukaryota; Metazoa
Eukaryota; Fungi; Ascomycota
Eukaryota; Fungi; Ascomycota
Bacteria; Cyanobacteria
AJ864863
O67213
Q9SZX3
O28032
O34347
P14568
Q8YEK8
Q8KA60
Q9PHK7
O85176
O97069
P22767
P44315
P00966
Q60174
O27322
P94993
P57877
Q9HY84
P09034
P22768
O94354
P77973
ASSY_ABISP
ASSY_AQUAE
ASSY_ARATH
ASSY_ARCFU
ASSY_BACSU
ASSY_BOVIN
ASSY_BRUME
ASSY_BUCAP
ASSY_CAMJE
ASSY_CORGL
ASSY_DROME
ASSY_ECOLI
ASSY_HAEIN
ASSY_HUMAN
ASSY_METJA
ASSY_METTH
ASSY_MYCTU
ASSY_PASMU
ASSY_PSEUE
ASSY_RAT
ASSY_YEAST
ASSY_SCHPO
ASSY_SYNY3
Agaricus bisporus
Aquifex aeolicus
Arabidopsis thaliana
Archaeoglobus fulgidus
Bacillus subtilis
Bos taurus
Brucella melitensis
Buchnera aphidicola
Campylobacter jejuni
Corynebacterium glutamicum
Drosophila melanogaster
Escherichia coli
Heamophilus influenzae
Homo sapiens
Methanocaldococcus jannaschii
Methanothermobacter thermautotrophicus
Mycobacterium tuberculosis
Pasteurella multocida
Pseudomonas aeruginosa
Rattus norvegicus
Saccharomyces cerevisiae
Schizosaccharomyces pombe
Synechocystis sp. PCC 6803
DescriptionAcc. No.Species
Table 1: Names and origins for nucleotide sequences of argininosuccinate synthetase enzymes
Swissprot
Argininosuccinate synthetase/argininosuccinate lyase 
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                  10       *          120      *     280      *       370       *    
ASSY_ABISP :   9..LAYSGGLDTSC...96..HGCTGKGNDQVRFE..149..WSTDENLFHISYEA..76..VENRFIGVKSRGCYES..140 
ASSY_YEAST :   7..LAYSGGLDTSV...96..HGCTGKGNDQIRFE..149..WSTDENQAHISYEA..80..VEDRYINLKSRGCYEQ..133 
ASSY_SCHPO :   9..LAYSGGLDTSC...96..HGCTGKGNDQVRFE..149..WSMDENIVHCSYEA..68..VENRFSGLKSRGCYET..127 
ASSY_DROME :   7..LAYSGGLDTSC...96..HGATGKGNDQVRFE..149..WSTDANILHISYES..77..VENRFVGLKSRGVYET..135 
ASSY_BOVIN :   8..LAYSGGLDTSC...96..HGATGKGNDQIRFE..149..WSMDENLMHISYEA..76..VENRFIGMKSRGIYET..128 
ASSY_HUMAN :   8..LAYSGGLDTSC...96..HGATGKGNDQVRFE..149..WSMDENLMHISYEA..76..VENRFIGMKSRGIYET..128 
ASSY_RAT   :   8..LAYSGGLDTSC...96..HGATGKGNDQVRFE..149..WSMDENLMHISYEA..76..VENRFIGMKSRGIYET..128 
ASSY_AQUAE :   7..LAYSGGLDTSI...96..HGSTGKGNDQVRFE..145..YSIDRNLWGVSIEC..72..VENRLVGIKSREIYEA..126 
ASSY_BACSU :   8..LAYSGGLDTSV...96..HGCTGKGNDQVRFE..144..YSIDQNLWGRANEC..71..VENRLVGIKSREVYEC..129 
ASSY_SYNY3 :   8..LAYSGGVDTSV...98..HGCTGKGNDQVRFD..144..YSIDRNILGRSIEA..71..VENRVVGIKSREIYEA..124 
ASSY_CORGL :   6..LAYSGGLDTTV...98..HGCTGKGNDQVRFE..144..FSIDQNVWGRAIET..70..VEDRLVGIKSREIYEA..128 
ASSY_MYCTU :   6..LAYSGGLDTSV...98..HGCTGKGNDQVRFE..144..FSIDQNVWGRAVET..71..VEDRLVGIKSREIYEA..124 
ASSY_ARCFU :   4..LSYSGGLDTTV...96..HGCTGKGNDQLRFE..142..YSIDENLWSRSVEG..71..IEDRVLGLKARENYEH..132 
ASSY_METJA :   6..LAYSGGLDTSC...97..HGCTGKGNDQFRFE..143..YSIDENLWGRSIEG..70..IEDRIIGLKSRENYEC..124 
ASSY_METTH :  10..LAFSGGLDTSV...97..HGCTGKGNDQFRFE..141..YSIDENLWGRAIEG..71..MEDRIIGMKSREIYET..125 
ASSY_ECOLI :  15..IAFSGGLDTSA..101..DGSTYKGNDIERFY..149..YSTDSNMLGATHEA..74..IENRIIEAKSRGIYEA..153 
ASSY_HAEIN :  16..IAFSGGLDTSA..101..DGSTFKGNDIERFY..149..YSTDSNMLGATHEA..74..IENRIIEAKSRGIYEA..149 
ASSY_PASMU :  16..IAFSGGLDTSA..101..DGSTFKGNDIERFY..149..YSTDSNMLGATHEA..74..IENRIIEAKSRGIYEA..150 
ASSY_BRUME :  11..LAYSGGLDTSI...97..HGATGKGNDQVRFE..147..FSVDANLLHSSSEG..71..VENRFVGMKSRGVYET..125 
ASSY_CAMJE :   9..LAYSGGLDTSI...99..HGATGKGNDQVRFE..146..YSMDANLLHISYEG..71..VENRYVGMKSRGCYET..126 
ASSY_PSEAE :   8..LAYSGGLDTSV...97..HGATGKGNDQVRFE..147..YSMDANLLHISYEG..71..VENRYVGMKSRGCYET..127 
ASSY_BUCAP :   8..LAYSGGLDTSA...97..HGATGKGNDQVRFE..145..YSRDENSLHISTEG..71..VENRLVGIKSRGCYET..124 
ASSY_ARATH : 140..LAYSGGLDTSV...98..HGCTGKGNDQVRFE..145..YSRDRNLWHLSHEG..71..VENRLVGMKSRGVYET..125 
 
                     110       *                160       *                 290       *
ARLY_ABISP : 106..GGKLHTGRSRNDQVATDMRLWLL..27..LLPGYTHLQRGQPIRWSH..108..TGSSIMPQKKNPDSLELLR..164 
ARLY_CANAL : 111..SGKVHTGRSRNDQVATDMRIFVR..27..LMPGYTHLQKAQPIRWAH..108..TGSSLMPQKKNPDSLELLR..164 
ARLY-YEAST : 105..AGKVHTGRSRNDQVVTDLRIYCR..28..LMPGYTHLQRAQPIRWSH..108..TGSSLMPQKKNADSLELLR..164 
ARLY_SACDO : 105..AGKVHTGRSRNDQVVTDLRIYCR..28..LMPGYTHLQRAQPIRWSH..108..TGSSLMPQKKNADSLELLR..164 
ARLY_RANCA : 104..AGKLHTGRSRNDQVVTDMRLWLR..27..LFPGYTHMQRAQPIRWSH..108..TGSSLMPQKKNPDSLELIR..169 
ARLY_HUMAN : 104..AGKLHTGRSRNDQVVTDLRLWMR..27..LFPGYTHLQRAQPIRWSH..108..TGSSLMPQKKNPDSLELIR..167 
ARLY_RAT   : 104..AGKLHTGRSRNDQVVTDLRLWMR..27..LFPGYTHLQRAQPIRWSH..108..TGSSLMPQKKNPDSLELIR..164 
CRD2_ANAPL : 106..AGKLHTGRSRNDQVVTDLKLFMK..27..ILPGYTHLQKAQPIRWSQ..108..TGSSLMPQKKNPDSLELIR..169 
CRD1_ANAPL : 104..AGKLHTGRSRNEQVVTDLKLFMK..27..ILPGYTHLQKAQPIRWSQ..108..TGSSLMPQKKNPDSLELIR..169 
CRD1_ANSAN : 104..AGKLNTGRSRNEQVVTDLKLFMK..27..ILPGYTHLQKAQPIRWSQ..108..TGSSLMPQKKNPDSLELIR..169 
CRD1_CHICK : 104..AGKLQTGRSRNEQVVTDLKLLLK..27..IMPGYTHLQKALPIRWSQ..108..TGSSLLPQKKNPDSLELIR..169 
CRD2_CHICK : 104..AGKLHTGRSRNDQVVTDLKLLLK..27..IMPGYTHLQKALPIRWSQ..108..TGSSLLPQKKNPDSLELIR..169 
ARLY_SCHPO : 105..AGKLHTGRSRNDQVTTDLRLWLC..27..IMSGYTHLQRAQPVRWSH..108..TGSSIMPQKKNPDSLELLR..163 
ARLY_CHLRE : 111..GGKLHTGRSRNDQVATDYRLWLV..27..LMPGFTHLQNAMTVRWSH..107..TGSSLMPQKKNPDALELIR..168 
ARLY_CORGL : 108..GGRLRAGRSRNDQVATLFRMWVR..27..IMPGKTHFQAAQPVLLAH..108..TGSSIMPQKKNPDVAELTR..176 
ARLY_MYCTU : 105..GGRLRAGRSRNDQVAALFRMWLR..27..IMPGKTHLQSAQPILLAH..108..TGSSIMPQKKNPDIAELAR..172 
ARLY_ARCFU :  93..GAKMHTGRSRNDEVATCLRMFAR..26..LMPGFTHLQYAQPTRLSH..107..STSSIMPQKKNPDIAELLR..199 
ARLY_METTH :  99..G-FMHTGKSRNDQVATDLRLALR..27..VMVGYTHLQHAQPTTLGH..108..STSSIMPQKKNPDVAEIAR..177 
ARLY_METJA : 100..AGRMHTGRSRNDEVATDLRIALR..27..LIVGYTHLQHAQPVTFAH..108..STSSIMPQKKNPDVAEIAR..191 
ARLY_METMP : 100..AGRMHTGRSRNDEVATDLRLSLR..27..LTVGYTHLQQAQPVTFGH..108..STSSIMPQKKNPDVAEITR..188 
ARLY_SYNY3 : 101..GKKLHTARSRNDQVGTDVRLYLR..27..LIPGYTHLQRAQPVSLAH..108..TGSSIMPQKKNPDVPELIR..167 
ARLY_BACSU : 100..GGKLHTGRSRNDQVATDMHLYLK..27..ILPGYTHLQRAQPISFAH..108..TGSSMMPQKKNPDMAELIR..168 
ARLY_AQUAE : 100..GRKLHTARSRNDQVATDEKLYLK..27..VMPSYTHLQRAQPIRVAH..108..TGSSIMPQKKNPDVLELIR..182 
ARLY_ECOLI : 100..GKKLHTGRSRNDQVATDLKLWCK..27..VMPGYTHLQRAQPVTFAH..108..SGSSLMPQKKNPDALELIR..182 
ARLY_HAEIN : 100..GKKLHTGRSRNDQVAVDIKLWCK..27..VMPGYTHLQRAQPITFAH..108..SGSSLMPQKKNPDACELIR..182 
ARLY_BRUME : 106..AGRLHTARSRNDQVAVDFRLWVK..27..VMPGFTHLQTAQPVTFGH..108..TGSSIMPQKKNPDAAELVR..167 
ARLY_PSEAE : 105..GKKLHTGRSRNDQVATDIRLWLR..27..IMPGFTHLQTAQPVTFGH..108..TGSSIMPQKKNPDVPELVR..166 
 
2b. ASL alignment
2a. ASS alignment
A B C D
C1 C2 C3
Fig. 2: a. Alignment of ASS protein sequences. b. Alignment of ASL protein sequences. Only the 
high conserved regions typically identifying the protein family are shown. Residues are numbered 
according to their own amino acid sequence, the numbering on top of the alignment are according to 
the A. bisporus sequence (identified residue is under the first digit). The location of conserved amino 
acid sequences in the ASS and ASL family are shown at the bottom of the alignment, A-D and C1-C3 
respectively. Abbreviations used and Gen Bank accession numbers are as stated in Table 1 and 2.  
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Argininosuccinate synthetase/argininosuccinate lyase 
A. bisporus
Human
C. reinhardtii
Fig. 4: cDNA map illustrating the location of excised introns in the ASL encoding genes of 
A. bisporus, Human and C. reinhardtii. 
box, position -115, and two putative CAAT-boxes were found at positions -189 and -47 
from the translation start. Furthermore one putative GATA-factor binding site and many 
GC-rich regions were found. The GC-rich regions at positions -288, -77 and -18 do match 
with the SYGGRG-motif described for as CREA consensus binding site (Cubero and 
Scazzocchio, 1994). In the 3’-prime region of the asl gene a polyadenylation signal 
 acid sequence analysis 
he codon usage of the A. bisporus asl gene shows a limited bias towards a thymine in the 
% of the codons use a pyrimidine in the third position 
g. 3b). The A. bisporus ASL 
 the 
Sampaleanu et al., 2001).  
(Humphrey and Proudfoot, 1988) was found in the last Lys and stop codon of the asl 
sequence. 
 
ASL amino
T
third position of a codon (29%). 58
corresponding to what was found for the arginase and urease gene (Chapters 3: 
Wagemaker et al., 2005a; Chapter 4: Wagemaker et al., 2005b). The asl gene encodes a 
464 aa protein with a calculated molecular weight of 52,337 Da and isoelectric point of 
5.96. The deduced amino acid sequence was aligned with corresponding ASL sequences 
from other organisms, using the Vector NTI align program.  
The amino acid sequences of 27 ASL proteins as listed in Table 2 were aligned (Fig. 2b).  
From this alignment a phylogenetic tree was constructed (Fi
clusters with the fungal ASL enzymes sharing the highest identity (59-60%). Vertebrate 
ASL cluster close to delta-crystallin proteins from bird eye lenses showing identities 
ranging from 53-60% with the A. bisporus ASL. The diverse group of bacteria 
(actinobacteria, proteobacteria, firmicutes and cyanobacteria) has identities ranging from 
43 to 48%. The Archaea form a separate group with identities ranging from 37-42 %. 
Comparison of eukaryotic asl gene structure, with respect to intron position in the coding 
region, revealed the conservation of all introns among the vertebrate species including
delta-crystallin proteins. The A. bisporus asl gene shared four introns with the vertebrate 
asl gene sequences, all located in the 3’ region of the gene (Fig. 4). The C. reinhardtii asl 
gene was stated to have four intron positions at the same place as the vertebrate asl genes 
(Auchincloss et al., 1999) but only three could be identified in our alignment. No intron 
positions were conserved with the A. bisporus asl gene. 
The alignment clearly shows the conservation of the three regions (Fig. 2b), denoted C1, 
C2 and C3, conserved throughout the ASL superfamily (
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stipe
gills
cap
1     2      3      4      5      6      7growth stage
asl
ass
28S
asl
ass
28S
asl
ass
28S
Fig. 5: Northern analysis of total RNA isolated from pooled A. bisporus Horst U1 stipe and cap 
tissue cut from sporophores in different stage of development. Before RNA isolation cut samples 
were pooled according to the following criteria: stage 1, dcap/dstipe≤1 and no lamella visible; stage2, 
β-angle=75-97°, dcap/dstipe =0.95-1.5; stage 3, β-angle=40-75°, dcap/dstipe =1.4-1.9; stage 4, β-
angle=25-40°, dcap/dstipe =1.85-2.5; stage 5, 6 and 7 normal growth as defined by Hammond and 
Nichols (1975). 10 µg of total RNA was size-fractionated and hybridized with an arginase fragment 
or a 28S fragment.  
Southern analysis 
outhern analysis of genomic DNA of the strains U1 and its constituents H39 and H97, 
ct of primers ass1f and ass2r as a ass-probe and the asl cDNA as the 
enes 
o study the expression of the ass and asl genes, during sporophore formation, stipe, gills 
 fruit bodies at different developmental stages and 
S
using a PCR produ
asl-probe, indicated that a single copy of both of these genes is present in the genome of 
A. bisporus (data not shown). 
 
Regulation of the ass and asl g
T
and cap tissue were sampled from
mRNA was extracted for Northern analysis. The ass and asl genes were expressed in all 
tissues studied. Fig. 5 shows that the expression of the ass gene was upregulated in stages 
5, 6 and 7 for gill and cap tissue. A decrease in expression was seen at stage 7 in gill 
tissue. Expression in gill and cap tissue was higher than in stipe tissue. A basal expression 
level was seen for the asl gene during developmental stages 1, 2 and 3. This was followed 
by an upregulation in stages 4, 5 and 6. A maximum was reached in stage 6 and 7 for all 
tissues studied. As was seen for the ass gene, expression in gill and cap tissue was higher 
than in stipe tissue. 
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Fig. 6: Northern analysis of the ass and asl gene in A. bisporus Horst U1 total RNA isolated 
from: a. whole fruitbodies, lanes indicate 0 to 5 days postharvest storage. b. stipe, cap and gill 
tissue of A. bisporus Horst U1 fruitbodies stored 0, 1 and two days. c. whole fruitbodies, lanes 
indicate 0 to 24 hours postharvest storage.
Expression of the ass and asl genes during postharvest senescence was studied in fruit 
bodies harvested at stage 4. Expression of the ass and asl genes was upregulated the 
first two days of postharvest storage (Fig. 6a) when RNA was extracted from the fruit 
body. Whereas the ass gene expression was elevated even more during 4 and 5 days of 
storage, the expression of the asl gene was lowered after 3, 4 and 5 days of storage. 
Both genes showed a high expression within three hours after the harvest event (Fig. 
6b), although the expression of the ass gene was lowered to a more moderate level 
within 24 hours. The expression of the asl gene responded not as strong as the ass gene. 
A more detailed study showed (Fig. 6c) that the postharvest expression of both ass and 
asl was present in all tissues studied. Expression in cap and gills was higher than in 
stipe tissue at time of harvest (stage 4). Expression of both genes was increased the first 
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day in all tissues studied, while the highest increase was found in stipe and cap tissue for 
the asl gene. The highest expression after one day postharvest was found in cap tissue. 
 
Discussion 
Studies on the ASS and ASL amino acid sequences from diverse species revealed both 
be highly conserved. The sequences presented in this work are the first 
 
enzymes to 
basidiomycete ass and asl gene sequences reported. Our alignment clearly shows the 
conservation of the three regions, denoted C1, C2 and C3, conserved throughout the ASL 
superfamily (Sampaleanu et al., 2001). 49 residues were conserved over all organisms 
aligned. Comparative analysis of our alignment, in which a great variety of organisms is 
accounted for, with an ASL/fumarase superfamily alignment with adenylosuccinate 
lysase, fumarase, aspartase and 3-carboxy-cis,cis-muconate lactonizing enzyme 
(Sampaleanu et al., 2002) revealed 7 residues of the C3 region to be conserved, indicating 
that this region is the best conserved region throughout the ASL/fumarase superfamily. A 
conformational change in the loop of residues 284-294 and a rigid body movement of the 
C-terminal small domain result in sequestration of the substrate from the solvent (Fujii et 
al., 2003; Sampaleanu et al., 2001). A mutation of the residue corresponding to S285 in 
the δ2-crystallin resulted in the complete loss of ASL activity (Chakraborty et al., 1999) 
and a catalytic role was suggested in serving as a proton donor for releasing the α-amino 
group (Sampaleanu et al., 2001). Three residues, D33, H91 and D117, of which the first 
two are involved in anchoring the amino end of the substrate arginine moiety and the 
latter resembles a very high conserved residue of the C3 region, were not conserved in 
δ1-crystallin which are rendered to have no ASL activity (Kondoh et al, 1991; Chiou et 
al., 1992; Barbosa et al., 1991). Residues D33 and H91 were not conserved when the 
ASL/fumarase superfamily was taken into account. However, D117 was conserved 
throughout the superfamily which makes the residue a reasonable candidate for being 
involved in loss of activity of the δ1-crystallins. 
Our alignment revealed high similarity of the A. bisporus ASL with the C. reinhardtii 
ASL, sharing 59% identity which is high considered the latter organism belongs to the 
kingdom of the viridiplantae. Alignment with a deduced ASL amino acid sequence from 
the annotated genome of Arabidopsis thaliana (http://pedant.gsf.de) revealed 41% and 
40% identity to the A. bisporus and the C. reinhardtii ASL, respectively. The previously 
reported conservation of four intron positions in the C. reinhardtii asl with the human asl 
gene (Auchincloss et al., 1999) could not be confirmed in our alignment in which only 
three intron positions were shared with the vertebrate asl genes. The high identity together 
with the strange pattern of intron conservation (Fig. 4) suggests a gene exchange between 
the pre-ancestral species in an early stage of evolution of the eukaryotes. The conservation 
of introns at itself is an interesting observation. Introns are becoming more widely 
recognized as having important gene-regulatory roles, such as containing enhancer or 
silencer elements. 
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Regulation of the ass and asl genes 
The expression of the ass and asl genes during sporophore development generally follows 
e same pattern as was seen for the arginase gene. In Chapter 3 (Wagemaker et al., 
r et al., 2005b) we addressed the expression of the 
our enzymes, NADP-
. bisporus (Chapter 3: Wagemaker et al., 2005a). The higher and 
is observed (Hammond, 1979). Protease activity is 
present during postharvest senescence and the continuous breakdown of protein results in 
th
2005a) and Chapter 4 (Wagemake
arginase and urease genes. Levels of the arginase and urease gene expression correlated 
well with the urea content of the fruit body, i.e. the accumulation of urea especially in cap 
tissue during late stages of development as a result of increased arginase gene expression. 
The absence of significant urea accumulation in stipe tissue was suggested to result from a 
higher urease gene and lower arginase gene expression compared to other tissues. It was 
suggested that arginase transcript abundance would precede urea accumulation and so 
urea could continue to accumulate after arginase expression has declined (Wagemaker et 
al., 2005a). The higher expression of the ass and asl genes in stage 7 compared to the 
arginase gene can be a result of the need for arginine for various metabolic processes such 
as protein synthesis in spore production. The continued high expression of the asl gene 
than might be evoked by a general amino acid control mechanism as a result of amino 
acid depletion (see also the discussion of post harvest senescence). 
A good comparison can be made to Coprinus cinereus where a causal relationship 
between urea accumulation and amplification of the arginine biosynthesis and arginase 
activity during cap development was suggested (Ewaze, 1978). F
glutamate dehydrogenase, glutamine synthetase, ornithine acetyltransferase and ornithine 
carbamoyltransferase, all involved in the ornithine synthesis, were considerably 
derepressed in developing caps while remaining low (or declining) in the stipes 
supporting those caps.  
The higher expression of the ass and asl genes observed in postharvest senescence 
correlates very well with the expression of the arginase gene and accumulation of urea 
seen in fruit bodies of A
quicker accumulation of urea during postharvest storage compared to normal growth can 
be explained by the more pronounced upregulation of the genes involved in the harvested 
mushrooms. The ass and asl gene were upregulated immediately following the harvest 
event which emphasizes the importance of the arginine synthetic pathway in postharvest 
senescence. The coordinate regulation system involved probably is the cross-pathway 
control (filamentous fungi; Hinnebusch, 1992; Sachs, 1996) also known as general amino 
acid control system in yeast (Messenguy and Dubois, 2000). In yeast and filamentous 
fungi, this system is the only system known to control the expression of the asl gene. The 
ass gene is regulated by the same system and also by an arginine biosynthesis and 
degradation coordinating system via UASarg and URSarg promoter elements (Empel et 
al., 2001; Dzikowska et al., 2003). 
After harvest the fruit body is deprived from its main source of nutrients and is restricted 
to its own resources. As the sporophore develops further to the fully opened stage 7, a 
sharp decrease in protein content 
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a restoration of the amino acid availability (Foret, 1990; Burton et al., 1988a, 1994, 
1997a). The general amino acid control activation is lowered again.  
Analysis of the promoter regions of the ass and asl genes revealed the presence of several 
putative GATA sites for binding of a general nitrogen regulatory protein (Merika and 
Orkin, 1993; Ravagnini et al., 1997) and a SYGGRG sequence known to bind the CREA 
protein (Cubero and Scazzocchio, 1994). The latter protein is involved in general carbon 
on 
catabolite repression in Aspergillus nidulans. General carbon and nitrogen regulation of 
arginine synthesis is not known in literature in fungi, and therefore unlikely to act in 
regulation of the ass and asl genes in A. bisporus. However, indirectly by regulating 
arginine levels, general carbon catabolite and nitrogen metabolite repression will have its 
effect on the arginine specific regulation and therefore explain the up and down regulation 
seen in the ass expression the first 24 hours after harvest. The stop in transported carbon 
metabolites from the mycelium at the moment the mushroom is harvested will likely 
trigger immediately the use of carbon supplies stored in the sporophore, which will restore 
the carbon catabolite repression. In a later stage of postharvest senescence, day 4 and 5, 
when carbon reserves become depleted (Hammond and Nichols, 1975) the carbon 
catabolite repression is derepressed and thus indirectly up regulates the ass gene again. 
The expression of genes encoding arginine synthesizing enzymes is in good accordance 
with phenomena seen in the sporophore development as well as postharvest senescence, 
and is compliant with regulatory mechanisms found in other fungi. In several cases, genes 
acting under the amino acid control mechanism, including yeast asl, the correlati
between the level of mRNA and enzyme activity (Flint and Wilkening, 1986; Messenguy 
and Dubois, 1983) is proportional, indicating mRNA levels are a good measure for 
enzyme activity in arginine synthesis. A coordinate regulation of the arginine biosynthetic 
enzymes of C. cinereus could also be demonstrated in vegetative mycelium subjected to 
particular synthetic growth media and to some extent metabolic changes which occur 
naturally in the sporophore cap could be reproduced. This, together with the presumption 
that good correlation between level of expression and enzyme activity also exists in A. 
bisporus, makes the control system open for to experimental study in pure culture. The 
isolation and characterization of the genes encoding ornithine cycle enzymes provides a 
good tool for such a study. 
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Summary 
An ornithine aminotransferase (oat) gene fragment obtained by PCR with degenerate 
primers was used to characterize the complete oat gene and cDNA from Agaricus 
bisporus. The gene encodes a 466 amino acids protein and provides the first fully 
reported basidiomycete ornithine aminotransferase protein sequence. Alignment of 
the cDNA along with the gDNA revealed the presence and position of ten introns. Ten 
mismatches were identified between the cDNA and gDNA sequences. This apparent 
discrepancy is the result of the origin of the oat-cDNA from a cDNA library of the 
heterokaryon U1 which has the homokaryotic parents H97 and H39. The genomic 
sequence was isolated from the H39 parent strain and the cDNA originated from 
H97. The mismatches did not result in any changes in the amino acid coding. 
A. bisporus oat cDNA constructs in the pYes2 expression vector complemented a 
Saccharomyces cerevisiae mutant unable to utilize ornithine as a sole source of 
nitrogen. The constructs with and without the extended N-terminus both were 
expressed as cytosolic protein in yeast. Further, the extended N-terminus of the OAT 
from A. bisporus and two other basidiomycete fungi showed a low probability score 
when evaluated with the MitoProt II 1.0a4 software, for prediction of mitochondrial 
targeting signals. mRNA expression of the oat gene was studied during sporophore 
development and postharvest senescence together with the ∆1-pyrroline-5-
carboxylate dehydrogenase gene (pruA). The mRNA of oat and pruA was down 
regulated during the first stages of sporophore development. For stipe tissue, the 
expression of oat and pruA was in good agreement with expression of the ornithine 
cycle genes in later stages of development. The high expression of the oat gene in later 
stages of development, both during normal growth and postharvest, points to the 
importance of ornithine metabolism for redistribution of metabolites in the 
developing mushroom. The down regulation of the pruA gene immediately after the 
harvest event, while the level of expression of the ornithine cycle genes remains high, 
indicates that proline is a major constituent of the metabolite pool which is 
translocated from the parent mycelium in the compost. 
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Introduction 
Agaricus bisporus is commercially grown on horse and chicken manure-based compost 
which contains complexed carbon and nitrogen sources. The nitrogen is mainly salvaged 
from a compost fraction known as the N-rich lignin-humus complex (Gerrits et al., 1967) 
which partly consists of microbial biomass and accumulates during the humification 
process (Gerrits et al., 1967; 1988; Fermor and Wood, 1981). Fruit body development and 
the formation of spores in Agaricales depend on the translocation of water and metabolites 
from the mycelium in the compost to the developing fruit body (Gruen, 1982). In 
A. bisporus the nature of the metabolites transported is not known. Little is known about 
the utilization of organic nitrogen sources or subsequent nitrogen metabolism. Protein can 
be utilized as the sole source of nitrogen and carbon (Kalisz et al., 1986a). Arginine and 
proline among other single amino acids were shown to be good sources of nitrogen but 
did not support growth without a source of carbon (Baars et al., 1994). Because fruit body 
development is accompanied by an increase of protease activity, proteases may have a 
physiological function by releasing amino acids from storage proteins (Foret, 1990; 
Burton et al. 1994).  
Ornithine can be utilized for the formation of proline, polyamines, glutamate and 
glutamine. Formation of these products from ornithine is of great nutritional and 
physiological importance for diverse functions such as growth, development, tissue 
remodeling and responses to a wide range of signaling molecules. Utilization of arginine 
as a source of carbon and nitrogen has been extensively studied in Aspergillus nidulans 
and Saccharomyces cerevisiae. A comparison of the regulatory mechanisms of arginine 
and ornithine synthesis in various organisms has revealed its complexity and emphasizes 
the fundamental role that ornithine fulfills in the central metabolism of organisms 
(Ouzounis and Kyrpides, 1994; Jenkinson et al., 1996; Perozich et al., 1998; Wagemaker 
et al., 2005a; Dzikowska et al., 2003; Borsuk et al., 1999).  
Administration of 14C-labeled arginine and ornithine to cap tissue revealed significant 
transformation of ornithine into glutamate and proline (Reinbothe and Tschiersch, 1962). 
Arginine is the main precursor for urea (Wagemaker et al., 2005a) and indirectly for 
proline and has therefore an important role in fruit bodies of A. bisporus. Also a 
significant expression of ∆1-pyrroline-5-carboxylate dehydrogenase gene (pruA), 
catalyzing the conversion of ∆1-pyrroline-5-carboxylate (P5C) into glutamate was 
demonstrated for all fruit body tissues except gills (Schaap et al., 1997). 
Ornithine δ-aminotransferase (OAT: EC 2.6.1.13), also ornithine-oxo-acid 
aminotransferase, catalyses the reversible transfer of an amino group from ornithine to 2-
ketoglutarate, glutamic-5-semialdehyde and glutamate. Glutamic-5-semialdehyde is in 
equilibrium with its cyclic form P5C of which the latter is chemically more stable.  
Analysis of studies with mutant of Neurospora crassa revealed a catabolic role (Vogel 
and Kopac, 1959) for OAT and an acetylated pathway was proposed as the pathway for 
ornithine synthesis (Vogel and Vogel, 1963). The acetylated pathway has never been 
demonstrated outside of bacteria and yeast (Crabeel et al., 1997; Liu et al., 1995; Marc et 
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al., 2000). For mammals synthesis of ornithine from glutamate via P5C synthase has been 
shown (Wu et al., 1997, 1998, 2000).  
This article reports on the isolation and characterization of the first basidiomycete oat 
gene encoding ornithine aminotransferase of A. bisporus. Heterologous expression in 
yeast was established and mRNA expression of the pruA and oat genes during fruit body 
development and postharvest senescence was analyzed. 
 
Experimental procedures 
A. bisporus strains and culture conditions. 
A. bisporus Horst U1 and its homokaryotic parents, strains H39 and H97, were obtained 
from the collection of the Mushroom Experimental Station, Horst, The Netherlands. 
Postharvest development was studied in more detail at Warwick HRI, University of 
Warwick, Wellesbourne, Warwickshire, UK. Mushrooms for postharvest studies were 
sampled and stored as described by Eastwood et al. (2001). 
 
Escherichia coli strains, yeast strains, recombinants DNA techniques and enzymes. 
E. coli LE392 (Promega) and E. coli XL1 blue (Stratagene) were used for phage 
amplification / λ DNA isolation, and plasmid transformation / propagation, respectively.  
Strain 2468d∆Ag81 (leu2, ura3, argRII) used for transformation of the pYES-OAT 
constructs was a gift from Dr. E. Dubois. 
Standard DNA manipulations were carried out as described in Sambrook et al. (1989). 
Restriction enzymes and other enzymes used for DNA manipulations were purchased 
from MBI Fermentas. Plasmid pUC19 (Yanisch-Perron et al., 1985) was used as cloning 
vector for genomic DNA fragments. The pGEM-T vector system (Promega) was used for 
cloning PCR products. Synthetic oligonucleotide primers were purchased from Biolegio 
BV and Isogen Bioscience BV. The FlexiPrep Kit (Pharmacia Biotech) was used for 
plasmid isolation.  
 
Cloning of the A. bisporus gene encoding ornithine aminotransferase 
For amplification of A. bisporus DNA encoding a part of the oat gene, synthetic 
degenerate inosine-containing deoxyoligonucleotide primers designed from aligned 
regions conserved in Aspergillus nidulans (Q92413), Saccharomyces cerevisiae (P07791) 
and Plasmodium falciparum  (Q07805) were used in PCR performed on a Tgradient 
Thermocycler (Biometra) with strain Horst® U1 genomic DNA as a template. First PCR: 
primer 1 (5’-AAY CAR GGN CAY TGY CAY CC-3’) encodes ornithine 
aminotransferase amino acids 67-73 of the Asp. nidulans sequence and primer 2 (5’-TCN 
GCN CCN GTR TTC ATN GG-3’) encodes the antisense codons of amino acids 116-122. 
The initial denaturation step of 10 min at 95°C was used to add the Taq. polymerase 
enzyme as a hot-start and was followed by a step down regime of 3 cycles of 1 min at 
95°C, 1 min 54°C and 2 min 72°C, 3 clycles 52°C annealing temperature and 24 cycles 
50°C annealing temperature. The amplified 167 bp product was cloned in pGEM-T 
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(Promega) and identified by sequencing. The fragment was labeled using [α32P]dCTP by 
random oligonucleotide-priming (Feinberg and Vogelstein, 1983) (HexaLabelTM DNA 
Labeling Kit, MBI Fermentas) and used as a probe for the screening of a λEMBL3 
genomic library of strain Horst H39 using conditions described previously (Schaap et al., 
1996). Plaques giving a positive hybridization signal were purified and the oat gene was 
isolated from the λ-DNA by ligation of SalI fragments into pUC19 and subsequent 
sequence analysis of the subclones. Corresponding cDNA was isolated from a mixed λ-
ZAP-cDNA library of fruit body primordials (De Groot et al., 1996) using the same 
screening conditions and the 167 bp oat gene fragment as a probe. Relevant clones were 
sequenced by the primer walking method. Specific primers were also used together with 
pBluescript vector primers for sequencing the oat cDNA. 
 
Amino acid sequence analysis 
Protein sequences were extracted from the SwissProt or the TrEMBL protein database. 
The sequences were aligned with the align utility of the Vector NTI Suite software 
(Informax) and the alignment was edited with GeneDoc. 
 
Northern analysis 
Postharvest development was studied as described by Eastwood et al. (2001). The PCR 
product of forward primer 5’-CGA TGT TAT GCT ATG CAT TTG A-‘3 (oat1f) and 
reverse primer 5’-AAA GGG CGA TGG GTA AAG ATA-‘3 (oat2r) was labeled with 
32P-CTP as described before (Wagemaker et al., 2005a) and used as a probe. Northern 
blots were also probed with an A. bisporus 28S ribosomal DNA fragment (Schaap et al. 
1996) as loading control. 
 
Isolation of total genomic DNA, Southern blot analysis 
Total DNA from strains H39 and H97 was isolated (De Graaff et al., 1988), digested with 
various restriction enzymes, separated on 0.8% agarose gels and transferred onto Nytran® 
Super Charge membranes by vacuum blotting. DNA blots were washed at 65°C to a final 
stringency of 0.1X SSC, 0.1% SDS. 
 
Construction of plasmids 
The isolated pBluescript plasmid carrying the full length oat cDNA was used as template 
in a PCR reaction for amplification of the cDNA. A pYES (Invitrogentm life technologies) 
construct carrying the A. bisporus wild-type oat cDNA, designated pOATwt, was 
assembled by ligation of the HindIII- BamHI pYES2 vector and a HindIII-BamHI 
digested oat-wt PCR fragment. The oat-wt PCR fragment was amplified with specific 
primers, pOATwt-f (5’-GGA TAA GCT TTC GGC ACC AGC CAT CAT CTA C-3’) 
and pOAT-r (5’-GGA TCC TAG AAG CAG GCA ATA TAT TTT ATG CAG TC-3’), 
which were designed to the oat cDNA and carrying a HindIII and BamHI restriction site, 
respectively. A second construct, designated mOAT, contains a modified A. bisporus 
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OAT cDNA in which the coding sequence for the putative mitochondrial leader (N-
terminal 24 amino acids) is replaced by a methionine codon. PCR amplification of the 
mOAT using mOAT-f (5’-GGT AAA GCT TGC CGC CAC CAT GGC CAC CGC CAC 
CGC CCC T-3’) and pOAT-r resulted in a deletion of the N-terminal 24 codons and 
introduces a methionine codon immediately preceding codon 25, a HindIII restriction site 
and Kozak sequences preceding the methionine start codon. Digestion reactions were 
terminated by heating for 20 min at 80°C and products were precipitated previous to 
ligation. The constructs were transformed into E. coli XL1-Blue for propagation and 
sequenced to ensure that no errors had been introduced during amplification and/or 
ligation. 
 
Yeast transformation 
Yeast cells were transformed using a lithium acetate method modified from Ito et al. 
(1986). Transformants were selected on minimal medium (0.15% yeast nitrogen base 
without amino acids or ammonium sulfate (Difco)) with 0.5% ammonium sulfate and 
supplemented with leucine (0.001%). 
 
Analytical procedures 
Extraction of amino acids and subsequent analysis of amino acids was performed as 
described by Kersten et al. (1999). 
 
Results and discussion 
The oat gene 
A 167 bp oat gene fragment was isolated by PCR with degenerate primers designed on the 
basis of regions of high homology in an alignment of known fungal OAT amino acid 
sequences. The amplified product of the predicted size was transformed, cloned and 
sequenced. BlastX search with the sequence revealed high similarity to the OAT amino 
acid sequences of Aspergillus nidulans and Saccharomyces cerevisiae sharing 74 and 71% 
identity with the Agaricus bisporus gene fragment, respectively. The oat gene fragment 
was used to screen a genomic library (H39 λEMBL3) and a Horst U1 expression library 
constructed from mixed primordial small fruit bodies. An oatA positive lambda gDNA 
clone was isolated, digested with SalI and fragments were ligated in pUC19. One 
subclone with a 7 Kbp insert, was identified to carry the complete oat gene and 881 bp of 
the oat promoter region. 
The genomic and cDNA sequence have been deposited in the GenBank/EMBL Databases 
under the accession numbers AJ864861 and AJ864862, respectively. The 1724 bp oat 
cDNA comprised a 1398 bp ORF preceded by a 26 bp 5’UTR and with a 300 bp 3’UTR 
including the poly(A) tail.  
Alignment of the cDNA along with the gDNA revealed the presence of 10 introns, 52-352 
bp in length, all showing normal fungal splicing sites (Unkles, 1992). Furthermore, ten 
mismatches between the cDNA and gDNA sequence indicated that the isolated oat-cDNA 
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is transcribed from the oat-gene originating from the H97 homokaryotic parent strain in 
the U1 cultivar. Nine mismatches were located in the coding region at the third position of 
a codon, the wobble base, and none encoded a different amino acid. One mismatch was 
located in the 3’UTR. DNA profiling has been suggested for the characterization of strain 
varieties. RAPD markers (Moore et al., 2001) and the presence of microsatelites 
(Sonnenberg et al., 1999) have been used to discriminate between strain varieties and to 
characterize the genetic relatedness of these strains. The 10 mismatches which were 
detected in the alignment with the oat gDNA and the oat cDNA illustrates strain 
differences between ‘White’ and ‘Off-white’ strains at the gene level. Horst U1 was 
obtained by mating the infertile single-spore-derived culture H39 obtained from the white 
strain Somycel 53 with H97 obtained from the off-white strain Somycel 9.2 (Sonnenberg, 
A.S.M., pers. comm.). Southern analysis of genomic DNA of strains U1 and its 
homokaryotic constituents H39 and H97, using a PCR product of primers oat1f and oat2r 
as a probe, indicated that a single copy of this gene is present in the genome of 
A. bisporus (data not shown). 
The end of the cDNA was located 277 nt downstream of the TGA “stop” codon and two 
AATATA sequences are present in the gDNA sequence at 259 and 292 nt downstream of 
the TGA stop codon, which match putative polyadenylation sites. These sites may cause 
some variation in mRNA transcript length. Expression study of the oat gene showed two 
hybridization bands indicating the presence of two oat mRNA's of different size from a 
single locus. The shortest hybridization product had approximately the same size as the 
pruA mRNA, 1700 nt. The longer hybridization product might correspond to the oat pre-
mRNA, approximately 2700 nt. However, no second reading frame or possible alternative 
splicing sites were found in the oat gene. A putative TATA box was found in the 880 bp 
of the oat promoter region at position -74 relative to the methionine start codon (Fig.1). 
Two putative CAAT-boxes were found at positions -464 and -403. In addition the 
complementary motif (ATTG) was found at positions -304, -257, -218 and -213. 
The promoter region of oat was examined for possible transcription factor binding motifs 
and was found to be rich in GC-stretches. Three exact matches to the SYGGRG consensus 
sequence known for binding fungal carbon catabolite repressors (Cubero and Scazzochio, 
1994) are found. The GATA element, matching the HGATAR consensus motif was found 
five times. In A. nidulans the agaA and oatA genes encoding arginase and OAT 
respectively, were shown to be under control of the nitrogen metabolite and carbon 
catabolite repression systems (Bartnik and Weglenski, 1973). In the promoter regions of 
both genes several putative CREA and AREA-binding sites were identified by in vitro 
binding of fusion proteins containing AREA or CREA DNA-binding domains(Dzikowska 
et al., 1999; 2003). The CAR1 and CAR2 genes of S. cerevisiae, encode arginase and OAT 
respectively and only the expression of the CAR1 gene is prone to nitrogen metabolite 
repression, i.e. its release is mediated by GATA sequences associated with Gln3 and Nil1 
transcription activators (Messenguy and Dubois, 2000). The presence of several putative 
GATA sites and SYGGRG consensus sequences support the possibility that the
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-880 gatgcccgna tttttttttc tnactnccna cctttcctgn caaggatcat atttncnntg cacatttttt natcnnttgt
-800 gccggttttt cnaaattatc tnatgtcgcc ctatggcggc tcttggcgng cctnaatgca cggacgtgca ccccatcatt
-720 agtagcnata tgcggtnaca tggaggcgct ttcacaccag cattctccgc gcaaattnna cgtcatgggg gttnnatacc
-640 ggtgagcaga cacttcaccg nnacntgcat nccatgctgt cgantcatac ttcttttggg gtgggagtcg ggtgtcatga
-560 naacgaatct gggcacccgt ttctgatttt atcgttcttt tcttacggtt atgtgccttt cgggcacggt tttgggatgg
-480 ttaacttcag tgtgggCAAT gttttgagta tggatgcgtg gcgttctgta gcgtcacagg accccgtcgt ggcagctCAA
-400 Ttctacgtcc tggntctgtg gcgtsctgag tactgataac ggctcttctt ggacagtacc cgtgggccgg agcgagactg
-320 acggattatc gtatccATTG aattcacgat ttgacgagca aggacagctg aagcgacgag tagATTGGcc ggctgagcag
-241 cagtaggata gaacgtgtat gaATTGaATT GGaccagttt gttttcgcgg aatcagtgta gtgtaacgag atctacgtat
-161 gtacgggctc cgcatgggac gggaaaccga cctgacaact cggggcgaac tcggggcggg cggaacctga tagaggagcc
-81 cgtccaTATA AAgccaagcc cgtcccaaac taaccatcgg ctttacctgc acccaccatc atctacctcc aatacccgcc
*
1 atgtctccag cagctatcgc atcgtccccg acccaccgca ggttcgtcaa gcaggacaca gtcaaggcaa aggccaccgc
M  S  P   A  A  I  A   S  S  P   T  H  R   R  F  V  K   Q  D  T   V  K  A   K  A  T  A
81                                                            caccgcccct caacttgccg
T  A  P   Q  L  A 
161 aaactactat ctcctccgac caagtcgttg ccctcgagga gaggtacggc gcacacaagt gagtattgaa tatcgcaccc
E  T  T  I   S  S  D   Q  V  V   A  L  E  E   R  Y  G   A  H  N
241 cttcgtttcg tattgtagca ccattcctgt ccatgactgt cccatgtaaa ttggagtctc ctgtatgttt cacctttgtt
321 caggcgtgcc cgagtcgata gggggtactc cccagctctg agactcgttc ggcaggtagg catattcctt taaatagtcg
401 atgttcgtcc atgcttaagt gtgttcggtc tttttcagtg tccagacgtc cagtgtgaag ccagagagga gtcattagga
481 ggagagaata aggtcgtccg tacatgatca ttctcctcgt atcttgcttt tatgcaatac agaactgaca tgcgcggttt
561 tggccattag ttaccaccca ttgcccgtgg tcttcgattc cgcaagtggc gccaagtgag tgttttttgc tggtaatgtg
Y H  P   L  P  V   V  F  D  S   A  S  G   A  K
641 acctttccag ttcctgatga agcggcatct tccttttccc cgaacactat ctttctgttc gtcgtgtgtt tcgataacat
721 agagtctatg atcctgaagg caatgaatac attgacatgt tgtcggctta ctcgtaagtg cttccttcta ccatcttagt
V  Y   D  P  E  G   N  E  Y   I  D  M   L  S  A  Y S                             
801 tggatccgcg tagaccatgt ctcatcatgt cttcttcccg acatttccag tgcggtgaac caggtgagag tgtttatcat
A V  N   Q
881 taccggagtc cggaacatgt actaagcacc ggatctattc attcagggac actgtcatcc ccgtatcgtg gccaccctgg
G   H  C H  P   R  I  V   A  T  L 
961 tccaacaagc ccagaaattg acgctctcgt cccgggcgtt ctacaacagt gttttcggtc gttttgccca gaaaatcacc
V  Q  Q  A   Q  K  L   T  L  S   S  R  A  F   Y  N  S   V  F  G   R  F  A  Q   K  I  T 
1041 accatgtttg gatatgacat ggtgttgccc atgaacactg gtgccgaagc agtcgagacc tgtgtcaagc tcgcgagaaa
T  M  F   G  Y  D  M   V  L  P   M  N  T   G  A  E  A   V E  T   C  V  K   L  A  R  K
1121 gtgggcttat atgaaaaaag gtgtcccgga aggcaaggct attgtcttta gcgtttcggg taacttccat ggccgtacat
W  A  Y   M  K  K   G  V  P  E   G  K  A   I  V  F   S  V S  G   N  F H   G  R T  
1201 tgggtatcat caggtgtgtt ctgtttccat ttcgctcttt ttgatcggaa catgggttga caggtggatt actgtttata
L  G  I  I   S
1281 gtatgagtac cgatcctgaa agccggacag gcttcggtcc gtacctccag aatgttggac cggtttacga agacggtgga
M  S  T   D  P  E   S  R  T   G  F  G  P   Y  L  Q   N  V  G   P  V  Y  E   D  G  G
1361 atgatgaaaa ccattcgata tggcgttctc gaagaccttg agagagcatt ggagctctat ggagaacaca ctgctgcatt
M  M  K   T  I  R  Y   G  V  L   E  D  L   E  R  A  L   E L  Y   G  E  H   T  A  A  F
1441 cctaatcgag cctatccaag gagaagccgg gtacgtcggt ttgcttggat gtcgaatgat tcattgttga cttgagcaat
L  I  E   P  I  Q   G  E  A  G
1521 tcacaggatt gttgtcccgg agcccgggta ccttgctcag gtacaccaac tctgcaagaa acacaatgta ttgttgatct
I   V  V  P   E  P  G  Y   L  A  Q   V  H  Q   L  C K  K   H  N  V   L  L  I 
1601 gcgacgagat ccaaacggtt cgttttacct ataatgatca gtcattttat gggctaatgt gtatgcgtag ggcttgtgcc
C  D E  I   Q  T                                                   G  L  C  
1681 gaacaggcaa aatgcttgcg tgcgagtacg agggcatccg tcctgatgtg gtccttcttg gcaaggctct atctggagga
R  T  G  K   M  L  A   C  E  Y   E  G  I  R   P  D  V   V  L  L   G  K A  L   S  G  G 
1761 cgtgagtgct cgtgcagtct gccaccgcaa cgcttcttac tgattggtgt tagtgtaccc tgtttccgct gtcctggctg
L Y  P   V  S  A   V  L  A  
1841 atagcgatgt tatgctatgc attcgacctg gcgagcacgg cagtacatat ggcggtaacc ccctgggctg cgccgtcgcc
D  S  D  V   M  L  C   I  R  P   G  E  H  G   S  T Y   G  G  N   P  L  G  C   A  V  A 
1921 atgactgctc ttgatgtttt agttgatgaa aaattggccg atcgcgccat gaggctagga gagtacttcc gatctgctgt
M  T  A   L  D  V  L   V  D  E   K  L  A   D  R  A  M   R L  G   E  Y  F   R  S  A  V
2001 tcaatccttg aactctccgc tggtcgagtg tgttagagga agaggcttgc tgaatgccgt cgttatcgat gaaaagaaga
Q  S  L   N  S  P   L  V  E  C   V  R  G   R  G  L   L  N A  V   V  I  D   E  K  K  
2081 gtacgaaagg acgaactgca tggcagcttt gtctgctgtt gaagagtcgc ggcgtgctgg ccaagcccac tcatgtcaac
S  T  K  G   R  T  A   W  Q  L   C  L  L  L   K  S  R   G  V  L   A  K  P  T   H  V  N 
2161 atgtaagcct gaatttctatcttgtctagt tgtggggtgc ataaactaat gtcttgttac agtatccgct ttgctccccc
I                                                         I  R F  A  P  P 
2241 cctcgtcatc gaagaagagg atttgaagag ggctgtcagg atcattggcg aatgcttggc cgatctcgat actgtaagtt
L  V  I   E  E  E   D  L  K  R   A  V  R   I  I  G   E  C L  A   D  L  D   T  
2321 taatccgtct ttttcatggg gtcatggatc cgaattgacg catgaaaaat aggttgaaag aattcctggt gatgatgctc
V E  R   I  P  G   D  D  A  
2401 aacattgaat ggccactttg tccttgcttc attagacgtt attgatgttg ctttccttat gcgctagata accttttttt
Q  H  stop
2481 tctccttttt tcatatccag catcgggttc ctaagattgc atgcatgcag attatggagt gtgtcacctc atattcaagc
2561 tacttytgtt tatctttacc catcgccttt aaacgctatg tatatttaca tgtccattgc attgagtcgt aaaattatgg
2641 cttcttttaa aaataggact gcataaaata tattgcctgc ttctacgtaa acgttttata atatagggca cctcgtaagg
#
2741 tcaatcctct aaaatgaaag gaatcaaccg aatttaaatg ctccctctgg aactgttgca tagagttggt ttgttcttcc
2821 cccatattag caactcaaga cggtggaaat ccgagtctcg agtgaataac aggggatcag gattcaggaa agtgattttg
2901 gaacgaataa cgttgaatga ttgatcattg aaagacgtaa ggaagggcga caacaaaaaa aaatttcgac ttccatattt
Fig. 1: Nucleotide sequence with deduced amino acid sequences and introns of the ornithine 
aminotransferase gene from A. bisporus and its 5’-UTR and 3’-UTR. The coding strand of the 
gene is shown from 5’ to 3’ and is numbered from the first nucleotide of the presumed start 
codon. GC-rich boxes are shown in bold/italics; GATA sequences are in bold; CAAT-boxes are 
in capitals/bold/underlined and the TATA box is in capitals/bold. * and # indicate the 5’ and 3’ 
end of the isolated cDNA. Conserved amino acid residues are boxed.
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A. bisporus oat gene is subject to nitrogen regulation and carbon regulation, comparable 
to the A. nidulans system. The same was found for the promoter of A. bisporus arginase 
gene (Chapter 3: Wagemaker et al., 2005a). 
The codon usage of the A. bisporus oat showed a limited bias towards a thymine in the 
third position of a codon (28.0%) similar as reported for ASL (Chapter 5), whereas in 
62.4% of the codons a pyrimidine was used in the third position of a codon. The GC-
content of the third codon is high (54.0%) compared to arginase (Chapter 3: Wagemaker 
et al., 2005a), urease (Chapter 4: Wagemaker et al., 2005b), ASL and ASS (Chapter 5) 
(45.8, 43.1, 48.4 and 35.2%, respectively). 
 
S. cerevisiae
S. avermitilis
O. iheyensis
B. subtilis
M. truncatula
V. vinifera
A. thaliana
P. falciparum
C. elegans
X. leavis
R. norvegicus
H. sapiens
D. melanogaster
D. ananassae
C. cinereus
A. bisporus
P. chrysosporium
E. gossypii
A. nidulans
N. crassa
S. pombe
0.1
Fungi, Basidiomycota
Fungi, Ascomycota
Bacteria
Plantae
Metazoa
Alveolata
Fig. 2. Unrooted phylogenetic tree of selected ornithine aminotransferases. Organisms and their 
accession codes are: Arabidopsis thaliana (Ref:2415524A), Ashbya gossypii (AAS52806), 
Aspergillus nidulans (Q92413), Bacillus subtilis (P38021), Caenorhabditis elegans (Q18040), 
Coprinus cinereus (BI 1.118; scaffold 6), Drosophila ananassae (P49724), Drosophila 
melanogaster (Q9VW26), Eremothecium gossypii (AAS52806), Homo sapiens (P04181), 
Medicago truncatula (Q8GUA8), Neurospora crassa (Q7RX93), Oceanobacillus iheyensis
(Q8EP32), Phanerochaete chrysosporium (JGI v1.0; scaffold 58), Plasmodium falciparum
(Q9GQI3), Rattus norvegicus (P04182), Saccharomyces cerevisiae (P07991), Schistosoma 
japonicum, (Q7YW77), Schizosaccharomyces pombe (P78805), Streptomyces avermitilis
(Q82HT8) Vigna aconitifolia, (P31893), Vitis vinifera (Q9FVJ2), Xenopus laevis, (Q7ZX40). 
Bar = 10 substitutions per 10 amino acid residues. 
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Amino acid sequence analysis 
The 1724 bp oat cDNA encoded a 466 amino acids protein with a calculated molecular 
mass of 50,668 Da and a theoretical pI of 6.3. Residues identified as essential to all 
aminotransferases (Mehta et al., 1993); G248, D274, K303 and R427 of the A. bisporus 
OAT amino acid sequence) were conserved. The same conservation was found for 
residues involved in positioning the ornithine in the active site for specific transamination 
at the δ position (Y54, R179) or stabilization of intermediate reaction products (F176, 
Y84 and T333)  (Shah et al., 1997). 
The A. bisporus oat gene is the first fully reported basidiomycete ornithine 
aminotransferase protein sequence. Species from a wide evolutionary spectrum (48% to 
80% identity to the A. bisporus OAT) were selected for an alignment and phylogenetic 
analysis. For comparison, the basidiomycete OAT sequences of Coprinus cinereus and 
Phanerochaete chrysosporium extracted from genome data provided at the Joint Genome 
Institute (http://genome.jgi-psf.org/) and the Broad Institute (http://www.broad.mit.edu) 
were included. These sequences showed high identity with the A. bisporus OAT amino 
acid sequence, 69% and 80% respectively. Phylogenetic analysis (Fig. 2) showed the 
basidiomycete fungal OAT's to group together with the ascomycete fungal OAT's, sharing 
identities ranging from 57 to 62%. The metazoa group comprising Chordata, Arthropoda 
and Nematoda showed identity ranging from 51-55%. Viridiplantae cluster in a separate 
group with identities of 51-54% to the A. bisporus OAT. The alignment revealed that the 
A. bisporus sequence possessed an extended N-terminus. The same was observed for 
OAT’s from C. cinereus, P. chrysosporium, mammalian and plant mitochondria. The 
MitoProt II 1.0a4 programme (Claros and Vincens, 1996) predicted a mitochondrial 
cleavage site for the latter OAT with high probability (> 0.97). In these eukaryotes, OAT 
is synthesized as a 49kD precursor which undergoes cleavage of a 4 kD N-terminal signal 
peptide coincident with uptake into mitochondria. However, a much lower probability (< 
0.63) was calculated for the basidiomycete OAT and the putative targeting sequences did 
not contain all the residues thought to be required for this process (Hendrick et al. 1989). 
This makes it unlikely that the fungal OAT’s are translocated to the mitochondria. 
Different subcellular localization of the arginase (Wagemaker et al., 2005a) and ornithine 
aminotransferase may provide a mechanism for regulating the subsequent metabolic fate 
of ornithine in mammals different from that in fungi.  
 
Expression of OAT in Sacharomyces cerevisiae  
In contrast to mammals and plants (see above), the S. cerevisiae OAT is a cytosolic 
enzyme (Jauniaux et al., 1978; Degols, 1987). The S. cerevisiae mutant strain 
2468d∆Ag81 (leu2, ura3, argRII), is unable to utilize ornithine as a sole source of 
nitrogen, was used in a complementation study with the A. bisporus oat gene. Two 
plasmids were made starting with the pYes2 yeast expression vector. One construct 
contained the complete A. bisporus gene (pOAT wt) while the other encoded an OATwt 
without the 23 amino acids of the extended N-terminus (mOAT). Both constructs 
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complemented the 2468d∆Ag81 strain in a galactose-dependent manner and resulted in 
cytosolic expression. This supports the conclusions based on the computational analysis 
(see above). When expressed in S. cerevisiae, the human OAT was targeted to the 
mitochondria (Dougherty et al., 1993). 
 
Proline and amino acid analysis 
Developing fruit bodies were dissected and the tissues were extracted to analyze their 
proline content. In Table 1 the total amount of the 20 amino acids commonly found in 
proteins, the amount of proline and the percentage of proline related to the total amount of 
amino acids are given for stipe and cap tissue. Of all amino acids the proline content 
showed the largest change during mushroom development. Both tissues show high 
concentrations of proline in the first stages of development. Especially in cap tissue the 
proline fraction reaches 42 % of the total amino acid content. Gill, velum and peel tissue 
showed values comparable to cap tissue. 
In response to osmotic stress, fungi accumulate a variety of inorganic ions and organic 
molecules to maintain water influx (Jennings, 1984, 1995; Jennings and Burke, 1990). 
Osmolyte accumulation drives a net osmotic flux of water into the cell, which is required 
for hyphal growth and hyphal turgor for invasive growth, stipe and cap elongation 
(Papendick and Mulla, 1986; Money, 1994, 1997, 1998; Jennings, 1995; Moore, 1984). 
Changes in cytoplasmic osmotic pressure appear to be governed by the accumulation of 
organic compatible osmolites that do not inhibit enzyme activity (Jennings and Burke, 
1990; Clipson and Jennings, 1992). Polyols and trehalose are the principal compatible 
osmolytes produced by fungi (Jennings, 1984, 1995; Griffin, 1994; Hounsa et al., 1998) 
Stage Stipe Cap 
 Total a.a.b Proline Total a.a.b Proline 
 µmol/g d.w. µmol/g d.w. (%) µmol/g d.w. µmol/g d.w. % 
1a 780 ± 55 78 ± 4 10 780 ± 55 78 ± 4 10 
2 533 ± 40 74 ± 7 14 972 ± 52 411 ± 50 42 
3 483 ± 45 24 ± 2 5 544 ± 58 21 ± 4 4 
4 275 ± 20 20 ± 2 7 442 ± 32 16 ± 3 4 
5 164 ± 15 10 ± 1 6 523 ± 80 8 ± 2 1 
6 163 ± 8 3 ± 1 2 340 ± 8 5 ± 1 1 
7 150 ± 10 2 ± 2 1 312 ± 52 3 ± 2 1 
Table 1: Total amino acids and proline content of stipe and cap tissues during sporophore 
development 
a Stage 1 fruitbodies were not dissected but extracted as a whole.  
b Total amino acids represent the amount of the 20 most common amino acids in protein. 
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but also proline has been reported as an osmolyte (Pfyffer et al., 1990). Proline has also 
been shown to stabilize yeast cells and to protect membranes against freezing damage 
(Crow et al., 1983; 1984; Rudolph and Crowe, 1985; Takagi et al., 1997). In addition, 
proline was found to enhance the stability of proteins and membranes in environments in 
which the water activity was low or the temperature was high (Csonka, 1989), and to 
inhibit aggregation during protein refolding (Samuel et al., 2000).  
In C. cinereus and A. bisporus, a number of metabolites such as urea, trehalose and 
mannitol were proposed to function as osmotic solutes besides from being a carbohydrate 
or nitrogen reserve (Moore, 1984; Hammond and Nichols, 1976; Hammond, 1981; Wood 
1985; Beecher et al., 2001; Wagemaker et al., 2005a; 2005b). A role that would fit proline 
too.  
 
Regulation of ornithine aminotransferase and P5C dehydrogenase expression 
Ornithine can be transformed into P5C by OAT. P5C is substrate for P5C reductase in 
proline synthesis and P5C dehydrogenase in transformation to glutamate. Transcriptional 
regulation of the oat gene was studied together with the pruA gene (Schaap et al., 1997) 
by determining the mRNA levels in various parts of the A. bisporus fruit body during 
development and postharvest senescence by Northern analysis (Fig. 3). The pruA gene 
encodes for the ∆1-pyrroline-5-carboxylate dehydrogenase which catalyses the conversion 
of ∆1-pyrroline-5-carboxylate (P5C) into glutamate. 
The expression of the oat and pruA gene in stipe tissue and pruA in cap tissue follow the 
same pattern, upregulation from stage 3 on, which corresponds to the expression pattern 
seen for the ass, asl and arg genes (Chapter 3: Wagemaker et al., 2005a; Chapter 5). 
Isotope tracer experiments with 14C uniformly labeled arginine or ornithine fed to 
A. bisporus cap tissue, showed formation of labeled ornithine, glutamate, glutamine, 
aspartate, lysine and proline (Reinbothe et al., 1969). Therefore it can be assumed that the 
ornithine formed in the ornithine cycle is transformed to glutamate and glutamine and 
little or none is translocated to the mitochondria for reentry into the ornithine cycle.  
The higher expression observed for the oat and pruA genes in stage 1 and 2 does not 
correlate with a higher expression of the ornithine cycle enzymes but can be explained by 
the high proline content of sporophores in stage 1 and 2 which rapidly decreased in 
succeeding stages. The high expression of the pruA gene in stage 2 for cap tissue 
correlates with the proline peak concentration of cap tissue in stage 2.  
OAT gene expression declined after stage 1 during early fruit body development in cap 
and stipe tissues but then increased during later development from stage 5 for stipe and 
from stage 7 for cap tissue. OAT expression levels also increased during postharvest 
development from stages 5 to 7 in both cap and stipe. pruA expression was constant 
during early fruit body development in stipe and cap tissues but then levels increased 
during later development. However at stage 7 the pruA level in the cap had dropped 
considerably. pruA expression postharvest was constant in the stipe while in the cap the 
level increased between stages 5 and 6 and then markedly declined at stage 7. The down 
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regulation of the pruA gene immediately after the harvest event is remarkable since a high 
level of expression of the ornithine cycle enzymes remains. The harvest event may have 
had a direct consequence for the proline or P5C homeostasis in cap tissue through the 
absence of transported metabolites from compost mycelium. Since P5C dehydrogenase 
was found to be a cytosolic enzyme in A. bisporus (Schaap et al., 1997) a futile cycling of 
glutamate and proline in the cytosol would be the consequence, however not likely. 
Therefore it seems plausible that proline is a major constituent of the transported 
metabolite pool which is translocated from the parent mycelium in the compost. 
Protein is the main source of nitrogen for redistribution after sporophore harvest. The 
level of soluble protein in sporophore tissue decreased by 30 to 70% during 5 days of 
postharvest storage (Burton, 1988a). A large increase in proteolytic activity was shown 
(Murr and Morris, 1975) and a 12-fold rise in proteinase activity was demonstrated for 
harvested sporophores during storage and in later stages of normal growth (Burton, 1988a; 
Burton et al., 1997a). Also a decrease in free amino acid content was shown (Hammond, 
1979). The high expression of the oat gene in late stages of development, normal growth 
Normal growth Post harvest
1      2      3      4       5       6     7    ph5  ph6  ph7
Stipe 28S
oat
pruA
2      3       4      5      6      7    ph5  ph6  ph7
Cap 28S
oat
pruA
Fig. 3: Northern blot analysis of total RNA isolated from pooled Agaricus bisporus Horst
U1 stipe and cap tissue cut from sporophores in different stage of development. For RNA
isolation cut samples were pooled according to the criteria described before (Hammond
and Nichols, 1975; Wagemaker et al., 2005a). Ten micrograms of total RNA was size-
fractionated and hybridized with an oat, pruA or a 28S rRNA gene fragment. 
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as well as postharvest, illustrates the evolution and mechanism of redistribution of 
metabolites in the developing mushroom. 
A. bisporus was found to utilize protein as sole source of carbon, nitrogen and sulfur. 
Protein was utilized as efficiently as was glucose when provided as a sole source of 
carbon and no catabolite repression was observed in the presence of glucose and/or 
ammonium (Kalisz et al., 1986a). Results of Schaap et al. (1997) on expression of the 
pruA gene were consistent with the observations of Kalisz et al. (1987) that A. bisporus 
continues to degrade protein and secrete ammonium even if ammonium and glucose are 
present in the culture medium. It was suggested that regulation through inducer exclusion 
does not work in this system and that at least some of the imported amino acids and 
peptides are also used or even might be preferred as carbon source. 
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The cultivation of mushrooms represents a technology in which low-cost lignocellulosic 
agricultural (waste) products are converted into a high value human food crop. As a result 
of technical achievements during the last century, the commercial cultivation of edible 
mushrooms has spread over many countries throughout the world and production rates 
increased from 300,000 tonnes in the seventies to over 3 million tonnes of fresh weight 
mushrooms in 2003. The Dutch mushroom industry has a prominent role as it belongs to 
the top three countries in mushroom production and is the largest in mushroom export. 
Despite the high economic value and the enormous potential of the mushroom cultivation 
little is invested in research on physiological and biochemical processes which are 
fundamental to mushroom growth. New fundamental knowledge is necessary to keep the 
mushroom business healthy and will help to explore new areas in mushroom growing. 
This thesis describes the results of a study on the urea metabolism of the basidiomycete 
fungus Agaricus bisporus, known as the commercial white button mushroom. Higher 
fungi, including cultivated mushrooms, accumulate substantial amounts of urea in their 
fruit bodies. During four days postharvest storage of Agaricus bisporus fruit bodies, the 
amount of urea can increase to 1 % of the dry weight of the fruit body. High amounts of 
urea have a negative effect on the taste of the mushroom. Furthermore, when this urea is 
transformed into ammonia it can readily be used by microbial contaminants and 
postharvest decay is stimulated. Urea is a good nitrogen source for mycelial growth of 
A. bisporus and low urease activity has been demonstrated in fruit bodies. Although the 
primary ammonium assimilation pathways have been studied, still little is known about 
the physiological role of urea in the edible mushroom. Urea is chemically inert and highly 
soluble. Therefore urea may serve as an osmotically favourable form of fungal nitrogen 
reserve. Hereto, the accumulation of urea may facilitate the translocation of water and 
metabolites in fruit bodies, which is required for the production of spores. Furthermore, 
urea was proposed to be the end product of catabolic pathways.  
The general biology of A. bisporus and its growth and development in a special farm 
designed environment for the production of mushrooms are described in Chapter 1. 
Different physiological aspects of A. bisporus growth with special emphasis on nitrogen 
metabolism and osmotic aspects of fruit body development are discussed. From the 
information in this chapter, it is clear that urea metabolism fulfills an important role in 
fungal physiology and even more in basidiomycete fructification.  
The purine degradation pathway, one of the two metabolic routes known to lead to the 
formation of urea is addressed in Chapter 2. A. bisporus was able to use urate, allantoin, 
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allantoate, urea and alloxanate as nitrogen sources for growth. The presence of urate 
oxidase, allantoinase, ureidoglycolase and urease activities, both in fruit bodies and 
mycelia, points to a degradation pathway for urate similar to that found in various other 
microorganisms. A urease inhibitor appeared to be present in cell-free extracts from fruit 
bodies. So far all efforts to demonstrate the enzyme responsible for allantoate degradation 
failed.  
Arginase is the ornithine cycle enzyme that catalyzes the hydrolysis of arginine to urea 
and ornithine and is the major route for urea synthesis in A. bisporus fruit bodies. 
Chapter 3 describes the isolation and characterization of the arginase gene and cDNA. 
Functionality of the isolated cDNA was verified by expression in Escherichia coli and 
subsequent activity measurements. The deduced 311 amino acid protein is most likely 
expressed in the cytosol. High similarity was shown with other fungal arginase amino acid 
sequences and a conserved intron was established among fungal and animal arginases. 
The second intron conserved among ascomycete fungi arginase gene sequences was not 
conserved in the basidiomycete gene. The arginase gene was used as a molecular marker 
to study expression and this was done in relation with the urea content of the tissues 
during fruit body formation and postharvest development. The expression of the arginase 
gene was upregulated from developmental stage 3 on and showed a good correlation with 
the accumulation of urea in fruit body tissues in late stages of both normal and postharvest 
development. For all tissues the urea content decreased over the first stages of 
development and reached a minimum in stage four. The urea decrease in the premature 
stages of fruit body formation indicates that urea might serve as a nitrogen reserve used 
for synthesis of new cell material. The absence of high urea accumulation in stipe tissue, 
both in postharvest and normal growth stage 5, 6 and 7, and the higher accumulation of 
urea in postharvest fruit bodies compared to late stages of normal growth illustrates the 
dynamics of the translocation process of water and metabolites from compost mycelium 
and/or stipe to the rest of the sporophore. The expression of the urease gene (Chapter 4) 
is also in accordance with this redistribution process. The expression of urease during 
normal growth in stipe tissue was higher than in other tissues and extended to stage 7. The 
expression in cap tissue stopped at stage 6 where the urea content increased the most. For 
cap tissue the higher accumulation of urea in postharvest senescence when compared to 
normal development stages 5, 6 and 7 did not correlate with a higher expression of the 
arginase gene but can be explained by an earlier cessation in urease expression.  
The characterization of the urease gene and cDNA revealed an ORF of 2514 bp, 
interrupted by nine introns, encoding an 838 amino acids protein. The encoded protein 
resembles the γ, β and α subunits of the bacterial ureases fused into one protein as 
described previously for ureases of other eukaryotes. The clear correspondence between 
the amino acid sequence of the fungal and plant ureases that consist of single units and the 
two or three subunit bacterial ureases indicate the occurrence of gene fusion or disruption 
events during evolution. This is supported by the absence of conservation of one or more 
introns among the eukaryotic ureases while they share higher identity than with Proteus 
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mirabilis or other bacterial urease sequences and with the presence of a set of accessory 
genes in one operon in bacteria. 
Chapter 5 describes the characterization of the argininosuccinate synthetase (ASS) and 
argininosuccinate lyase (ASL) genes and corresponding cDNA. ASS and ASL are two 
ornithine cycle enzymes catalyzing the last two steps in the arginine biosynthetic pathway. 
The ass ORF was interrupted by eight introns and encoded for a protein of 425 amino 
acids with a calculated molecular mass of 47,266 Da. An alignment with ASS proteins 
from other organisms revealed high similarity with fungal and mammalian ASS proteins, 
61-63% and 51-55% identity, respectively. The alignment clearly showed the highly 
conserved regions documented to be involved in aspartate and citrulline binding. The asl 
ORF was interrupted by six introns and encoded a protein of 464 amino acids with a 
calculated mass of 52,337 Da. Similar to ASS, ASL shared the highest similarity with 
fungal ASL proteins, 59-60% identity. The alignment clearly showed the conservation of 
the three regions, denoted C1, C2 and C3, all conserved throughout the ASL super family. 
The expression of the ass and asl gene followed the same pattern as observed for the 
arginase gene with the exception that the expression of the ass and asl genes reached a 
maximum at stage 7 of normal growth. The ass and asl gene were upregulated 
immediately following the harvest event emphasizing the importance of the arginine 
synthetic pathway / ornithine cycle in postharvest senescence. 
Ornithine can be transformed into glutamate-5-semialdehyde by ornithine 
aminotransferase. Glutamate-5-semialdehyde is in chemical equilibrium with pyrroline-5-
carboxylate (P5C). P5C is substrate for P5C reductase in proline synthesis and P5C 
dehydrogenase in transformation to glutamate. Chapter 6 reports on the isolation and 
characterization of the oat gene and cDNA encoding ornithine aminotransferase of 
A. bisporus. The oat gene of A. bisporus could complement a yeast mutant unable to use 
ornithine as a nitrogen source. The 1724 bp oat cDNA encoded a 466 amino acids protein 
with a calculated molecular mass of 50,668 Da with a theoretical pI of 6.3. Alignment of 
the oat cDNA with the gDNA revealed the position of 10 introns. Ten mismatches 
between the cDNA and gDNA sequence showed that the isolated oat-cDNA is transcribed 
from the oat-gene originating from the H97 homokaryotic parent strain in the U1 cultivar 
while the isolated gDNA is from H39. Nine mismatches were located in the coding region 
at the third position of a codon, the wobble base, and none encoded a different amino acid. 
One mismatch was located in the 3’UTR. The mismatches detected illustrate the strain 
differences between ‘White’ and ‘Off-white’ strains at the gene level.  
Alignment of A. bisporus OAT amino acid sequences with 20 OAT amino acid sequences 
revealed an extended N-terminus as was seen with mammalian mitochondrial OAT’s. A 
mitochondrial cleavage site at position 23 was calculated with a computational method 
having a probability of 0.63. This is a low value since most mitochondrial targeting 
sequences show a value of at least 0.95. Species from a wide evolutionary spectrum were 
selected for an alignment and a high degree of conservation was found; 47.8% to 80.3% 
identity. For comparison basidiomycete OAT sequences of Coprinus cinereus and 
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Phanerochaete chrysosporium were extracted from genome data provided at the Joint 
Genome Institute (JGI: http://genome.jgi-psf.org/) and the Broad Institute 
(http://www.broad.mit.edu/). These sequences showed high identity with the A. bisporus 
OAT amino acid sequence, 68.7% and 80.3% respectively. Residues identified as 
essential to all aminotransferases were conserved in our alignment. The residues involved 
in positioning the ornithine in the active site for specific transamination at the δ position 
and stabilization of intermediate reaction products were also conserved. 
The expression of the oat and pruA gene in stipe tissue and pruA in cap tissue follow the 
same pattern, upregulation from stage 3 on, which corresponds to the expression pattern 
seen for the ass, asl and arg genes (Chapter 3, Chapter 5). Together with the finding that 
arginine and ornithine were transformed into ornithine, glutamate and glutamine it can be 
assumed that the ornithine formed in the ornithine cycle is transformed to glutamate and 
glutamine and little or none is translocated to the mitochondria for re-entry into the 
ornithine cycle.  
The down regulation of the pruA gene immediately after the harvest event is remarkable 
since expression of the ornithine cycle enzymes remains at a high level. It was suggested 
that the harvest event had a direct consequence for the proline or P5C homeostasis in cap 
tissue through the absence of transported metabolites from mycelium in the compost. 
Because cytosolic cycling of glutamate and proline is not likely, it is plausible that proline 
is a major constituent of the transported metabolite pool which is translocated from the 
parent mycelium in the compost. 
The higher expression observed for the oat and pruA genes in stage 1 and 2 does not 
correlate with a higher expression of the ornithine cycle enzymes but can be explained by 
the high proline content of sporophores in stage 1 and 2 which rapidly decreased in 
succeeding stages. The high expression of the pruA gene in stage 2 cap tissue correlates 
with the proline peak concentration of cap tissue in stage 2. Amino acid analysis revealed 
proline levels up to 42 % of total amino acid analyzed for stage 2 fruit body caps. Of all 
amino acids the proline content showed the largest change during mushroom 
development.  
 
In conclusion 
The accumulation of urea in the fruit body of A. bisporus was proposed to facilitate the 
translocation of water and metabolites in fruit bodies required for the production of 
spores. Urea can be used as an osmolyte to drive cell expansion and therefore cap 
expansion. Expansion is more important than growth to cap opening. Data so far 
suggested that sugars drive expansion during natural development; however urea and 
proline could be the nitrogenous counterparts as osmotic solutes balancing the 
carbon/nitrogen ratio. Urea could be involved in continued cap expansion during 
postharvest development when most sugars and soluble proteins are metabolised. In 
postharvest development, the fruit body is restricted to endogenous carbon and energy 
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resources and will therefore end up with an excess of nitrogen. This excess of nitrogen 
can be stored perfectly as urea. 
The expression of the arginine metabolizing enzymes during late stages of development 
compared to postharvest development suggest that the harvest event initiates processes 
which would normally have taken place at a later stage of fruit body development and that 
these processes are induced by stress factors like water and metabolite depletion. 
The A. bisporus arginase, urease, ASS, ASL and OAT gene sequences provide the first 
fully reported basidiomycete protein sequences of the ornithine cycle. The isolated genes 
are involved in urea metabolism and the encoded protein fulfil a major role in the carbon 
and nitrogen nutrition of developing fruit bodies, especially in late stages of development. 
Future studies on mushrooms and other basidiomycetes, both applied and fundamental, 
will benefit from the genes characterized in this study. The genes can be fitted in a gene-
based linkage map in which industrially important traits are linked to well-defined genetic 
loci which can then be used to optimize breeding leading to a collection of strains with a 
large genetic diversity.  
 99
Samenvatting en slotopmerkingen 
 
 100
Samenvattingen en slotopmerkingen 
 
 
Samenvatting en slotopmerkingen 
 
 
 
De teelt van paddestoelen (champignons) is een hoogwaardige technologie die goedkoop 
afval en bijproducten uit de natuur, respectievelijk uit de agrarische sector, omzet in 
hoogwaardig voedsel voor menselijke consumptie. Door de technische ontwikkelingen in 
de champignonindustrie van de laatste decennia heeft de teelt zich verspreid over de hele 
wereld en is de wereldwijde champignon productie gestegen van 300.000 ton vers gewicht 
in de jaren 70 tot meer dan 3 miljoen ton in 2002. Nederland neemt een belangrijke positie 
in als 's werelds grootste champignon exporteur en een top drie plaats als champignon 
producerend land. Ondanks het enorme potentieel en de economische waarde van geteelde 
paddestoelen wordt er maar weinig geïnvesteerd in de fundamentele kennis van de 
fysiologische en biochemische processen die ten grondslag liggen aan de teelt. Een betere 
kennis van deze fundamentele processen is onontbeerlijk om de champignon industrie 
gezond te houden en helpt bij de ontwikkeling van nieuwe teeltmethoden en rassen. 
Dit proefschrift beschrijft de resultaten van een studie aan het ureum metabolisme van de 
champignon (Agaricus bisporus). Hogere schimmels, waaronder A. bisporus, hopen 
aanzienlijke hoeveelheden ureum op in hun vruchtlichamen. Vers geoogste champignons 
bevatten 1 % ureum op basis van het drooggewicht. Na vier dagen opslag bevatten de 
vruchtlichamen het tienvoudige hiervan. Hoge ureumconcentraties hebben een negatief 
effect op de kwaliteit van de champignon. Ureum veroorzaakt een negatieve geur en 
smaak perceptie na afbraak tot ammonium. Daarnaast wordt bederf van het vruchtlichaam 
gestimuleerd omdat ongewenste bacteriën ureum en ammonium als stikstofbron kunnen 
gebruiken. 
Ureum is een uitstekende stikstofbron voor groei van A. bisporus mycelium en in 
vruchtlichamen en mycelium is urease activiteit aangetoond. Hoewel het primaire 
ammonium metabolisme al is bestudeerd, is wat betreft de fysiologische rol van ureum 
nagenoeg niets bekend. Ureum is chemisch inert en oplosbaar tot hoge concentraties. 
Naast een mogelijke rol als stikstofreserve wordt een bijdrage aan de osmotische waarde 
van het vruchtlichaam gesuggereerd.  
In Hoofdstuk 1 wordt de algemene biologie van de A. bisporus, voornamelijk 
toegesneden op de groei en ontwikkeling van de champignon in een teelt omgeving, 
beschreven. Er wordt uitgebreid ingegaan op de verschillende fysiologische en 
biochemische processen gedurende de ontwikkeling van het vruchtlichaam. De centrale 
rol die het ureum metabolisme speelt in de fysiologie van schimmels en in het bijzonder 
van vruchtlichaam producerende basidiomyceten wordt in verband gebracht met de 
fysieke ontwikkeling van paddestoelen. 
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Hoofdstuk 2 beschrijft de afbraak van purines, één van de twee bekende biochemische 
routes die leiden tot ureum vorming. De purine afbraak (van deze twee metabole routes) 
draagt het minst bij aan ureum vorming in vruchtlichamen van de champignon. 
Champignon mycelium groeit goed op uraat, allantoïne, allantoaat, ureum en alloxanaat 
wanneer deze stoffen als enige bron voor stikstof worden aangeboden. Activiteiten van 
uraat oxidase, allantoïnase, ureidoglycolase en urease werden aangetoond in zowel 
vruchtlichamen als in mycelium en dit geeft aan dat de afbraak route voor uraat in A. 
bisporus gelijk is aan die van verschillende andere micro-organismen. Het remmende 
effect van vruchtlichaam extract op jack bean urease activiteit wijst op de aanwezigheid 
van een urease remmer in de vruchtlichamen van de champignon. Activiteit van het 
enzym verantwoordelijk voor allantoaat afbraak kon niet worden aangetoond.  
De tweede metabole route die leidt tot ureum is de ornithine cyclus, ook wel ureum cyclus 
genoemd. Arginase is het enzym uit de ornithine cyclus dat arginine omzet in ornithine en 
ureum. In Hoofdstuk 3 worden de isolatie en karakterisering van het gen coderende voor 
arginase en het bijbehorende mRNA beschreven. Functionaliteit van het geïsoleerde 
cDNA werd getoetst door expressie in Escherichia coli als een His-tagged fusie eiwit. Het 
gezuiverde, heterologe eiwit vertoonde arginase activiteit. Het 311 aminozuren lange eiwit 
komt in A. bisporus tot expressie in het cytosol. Een alignement met arginase 
eiwitsequenties van een divers aantal organismen toonde een hoge mate van homologie 
met de schimmel arginases (54-57% identiteit) aan. Daarnaast was een intron 
geconserveerd in zowel dierlijke als schimmel arginase genen. Het gen werd gebruikt als 
sonde om arginase expressie in de verschillende delen van de champignon, gedurende 
ontwikkeling van het vruchtlichaam en in opslag na de oogst, te bestuderen. Door ook de 
ureum concentratie te meten kon een goede correlatie tussen de arginase expressie en 
ureum ophoping aangetoond worden. De ophoping van ureum in de verschillende 
vruchtlichaamweefsels vanaf stadium 4 wordt vooraf gegaan door een verhoging van de 
arginase expressie vanaf stadium 3. De ophoping van ureum gedurende opslag van in 
stadium 4 geoogste vruchtlichamen is hoger dan wanneer de vruchtlichamen zich op het 
bed verder konden ontwikkelen. Dit ging niet gepaard met een significant hogere arginase 
expressie. Ook de zeer geringe toename van ureum in steelweefsel was niet in 
overeenstemming met de gemeten arginase expressie. Een mogelijke verklaring ligt in de 
gelijktijdige afbraak van ureum door urease. Deze waarnemingen komen overeen met het 
idee dat de verhoogde ureum concentraties gemeten in vruchtlichamen de osmotische 
potentiaal in bepaalde delen van de champignon verhogen en zo bijdragen aan de 
drijvende osmotische kracht die de translocatie van water en metabolieten vanuit de steel 
en het compost mycelium bewerkstelligt.  
De afname in ureum gemeten in de eerste drie stadia van ontwikkeling geeft aan dat 
ammonium uit ureum weer wordt vrijgemaakt en ureum ook functioneert als stikstof 
reserve. De gemeten urease expressie, beschreven in Hoofdstuk 4, is hoger in de steel dan 
in andere delen van de champignon en wordt in latere stadia (5, 6 en 7) verhoogd. Op het 
moment dat de expressie in hoedweefsel in stadium 7 wegvalt, neemt de 
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ureumconcentratie verder toe. Het urease gen bestaat uit een 2514 nt ORF onderbroken 
door negen intronen en codeert voor een 838 aminozuren lang eiwit. Dit komt overeen 
met ureases gevonden in andere eukaryoten. In bacteriën bestaat het urease uit drie 
subunits, γ, β en α. De duidelijke overeenkomst tussen de bacteriële en de eukaryote 
ureases duidt op een genfusie.  
Argininosuccinate synthetase (ASS) en argininosuccinate lyase (ASL) zijn de laatste twee 
enzymen betrokken bij de arginine synthese en daarmee een onderdeel van de ornithine 
cyclus. Hoofdstuk 5 beschrijft de karakterisatie van de twee genen met de bijbehorende 
cDNA's. Het ass ORF werd onderbroken door acht intronen en codeert voor een eiwit van 
425 aminozuren met een theoretisch berekende molecuul massa van 47.266 Da. Een 
alignment van ASS aminozuur sequenties uit diverse organismen liet een hoge mate van 
conservering zien met het A. bisporus ASS, 61-63% en 51-55% identiteit met schimmel 
ASS en zoogdier ASS, respectievelijk. Functionele gebieden met residuen betrokken in 
aspartaat en citrulline binding waren in hoge mate geconserveerd. Het asl ORF werd 
onderbroken door zes intronen en codeert voor een eiwit van 464 aminozuren met een 
theoretisch berekende molecuulmassa van 52.337 Da. Een vergelijking van ASL 
aminozuur sequenties uit diverse organismen liet ook hier een hoge mate van conservering 
zien met het A. bisporus ASL, 59-60% identiteit met het ASL uit andere schimmels. 
Geconserveerde gebieden (C1, C2 en C3) typerend voor ASL familie leden waren 
duidelijk te onderscheiden. De expressie van ass en asl gedurende de ontwikkeling van 
het vruchtlichaam volgde een patroon vergelijkbaar met arginase, met als uitzondering dat 
de expressie van ass en asl haar maximum bereikt in stadium 7. Het, door de oogst van de 
champignons afbreken van de aanvoer van water en metabolieten vanuit het 
moedermycelium in de compost, resulteert in een snelle toename in expressie van de beide 
genen en benadrukt het belang van de ornithine cyclus in de ontwikkeling van het 
vruchtlichaam. 
Ornithine aminotransferase katalyseert de omzetting van ornithine naar glutamaat-5-
semialdehyde; de tweede stap in het arginine catabolisme. Glutamaat-5-semialdehyde is in 
chemisch evenwicht met pyrroline-5-carboxylaat (P5C) wat door P5C dehydrogenase 
omgezet wordt in glutamaat. In Hoofdstuk 6 wordt de expressie van beide genen 
gedurende de ontwikkeling van het vruchtlichaam beschreven. Hiervoor werden het oat 
gDNA en het cDNA geïsoleerd en gekarakteriseerd. Functionaliteit van het cDNA werd 
aangetoond door middel van complementatie van een gist mutant. Het oat gDNA codeert 
voor een 1398 nt ORF en wordt onderbroken door tien intronen. Het oat cDNA week in 
tien nucleotiden af van het gDNA maar codeerde niet voor een andere 
aminozuursequentie. De afwijking betrof in alle gevallen een ‘Wobble’ base. Het cDNA 
was afkomstig van ras U1 ouderstam H97, terwijl het gDNA geïsoleerd werd van ouder 
H39. Dit verschil op DNA niveau illustreert het verschil tussen de 'White' en de 'Off-
white" strains. Het gecodeerde 466 aminozuren lange eiwit heeft een theoretische 
molecuul massa van 50.668 Da.  
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Een vergelijking van OAT aminozuur sequenties van diverse organismen liet een hoge 
mate van conservering zien met het A. bisporus OAT, 47-80% identiteit. De OAT 
aminozuur sequenties van Coprinus cinereus en Phanerochaete chrysosporium, afgeleid 
uit genoom data, vertoonden de hoogste mate van homologie, 69 en 80 % identiteit, 
respectievelijk. Residuen die geïdentificeerd zijn als essentieel in alle aminotransferases 
waren in deze alignment geconserveerd. Ook de residuen die betrokken zijn bij de 
positionering van het ornithine in het reactiecentrum en stabilisatie van intermediaire 
reactie producten waren geconserveerd. De OAT sequentie vertoonde net als de 
mitochondriële OAT's van zoogdieren en planten een langere N-terminus. De 
waarschijnlijkheid dat het inderdaad een signaal peptide betreft voor translocatie naar 
mitochondriën werd berekend op 0,63. Dit is laag in vergelijking met bekende 
mitochondriële signaal peptiden. 
Expressie van het oat en pruA in steel- en hoedweefsel volgt gedurende de ontwikkeling 
van het vruchtlichaam dezelfde trend als de ornithine cyclus genen (arg, ass en asl). Dit is 
in overeenstemming met eerdere bevindingen die aantoonden dat ornithine, wanneer 
toegediend aan vruchtlichaam weefsel, wordt omgezet in proline en glutamaat. Dat hierbij 
geen citrulline teruggevonden werd, betekend dat de ornithine gevormd uit de ornithine 
cyclus wordt omgezet in glutamaat en dat maar weinig of niets wordt getransloceerd naar 
de mitochondriën voor "ornithine cycling". 
De afname in pruA expressie als onmiddellijk gevolg van de oogst van het vruchtlichaam 
is opmerkelijk omdat de expressie van ornithine cyclus genen hoog blijft. Mogelijk heeft 
de oogst van het vruchtlichaam een directe invloed op de proline of P5C voorraad in 
hoedweefsel doordat na de oogst geen water en metabolieten vanuit het mycelium in de 
compost worden getransporteerd. Het is daarom aannemelijk dat proline een belangrijke 
component van de metabolieten is die van het compost mycelium naar het vruchtlichaam 
worden getransporteerd.  
De verhoogde oat en pruA expressie in de eerste stadia van vruchtlichaam ontwikkeling 
komt niet overeen met een verhoogde expressie van de ornithine cyclus genen, maar 
wordt verklaard door de hoge proline concentratie in stadium 1 en 2 vruchtlichamen. De 
verhoogde pruA expressie in stadium 2 valt samen met de piek concentratie gemeten in 
stadium 2 vruchtlichamen. Een aminozuur analyse wees uit dat proline tot 42% van de 
totale vrije aminozurenpoel uitmaakte in stadium 2 vruchtlichamen. De proline fractie 
werd in opvolgende stadia met een factor 100 gereduceerd. Van alle aminozuren werd bij 
proline het grootste concentratieverloop waargenomen gedurende de ontwikkeling van het 
vruchtlichaam. 
 
Slotopmerkingen: 
De verhoogde ureum concentratie gemeten in vruchtlichamen verhoogt de osmotische 
waarde in delen van de champignon. Dit draagt bij aan de drijvende osmotische kracht die 
de translocatie van water en metabolieten vanuit de steel en het in de compost groeiende 
mycelium bewerkstelligt. Ureum als osmoticum kan celstrekking bevorderen, hierdoor 
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vergroten cellen in de hoed, waardoor deze zich verder ontwikkelt en openvouwt. 
Celstrekking is de belangrijkste factor voor het openen van de hoed. Eerdere bevindingen 
gaven aan dat suikers als mannitol en trehalose de osmotische waarde opbouwen 
waardoor vruchtlichamen zich zo snel kunnen ontwikkelen. Ureum en proline zouden de 
stikstofhoudende tegenhangers kunnen zijn die de balans van de koolstof/stikstof 
verhouding in het vruchtlichaam in evenwicht houden. Wanneer in vruchtlichamen in een 
ver gevorderd stadium van ontwikkeling de meeste suikers en oplosbare eiwitten zijn 
gemetaboliseerd, kan ureum als osmoticum betrokken zijn bij de nog steeds voortdurende 
groei van de hoed. Wanneer het vruchtlichaam, na de oogst of in een ver gevorderd 
stadium van ontwikkeling, meer is aangewezen op zijn eigen meer eiwitrijke reserves, 
ontstaat er een stikstof overschot als eindproduct van katabole routes. Opslag in de vorm 
van ureum is dan zeer voordelig. Vooral wanneer het vruchtlichaam bij de oogst abrupt 
van zijn voedingsbron verwijderd wordt, reageren de genen betrokken in het ureum 
metabolisme direct met een verhoging van expressie. De oogst van het vruchtlichaam 
initieert processen die gedurende een normale ontwikkeling pas later op gang komen. 
Veranderingen in het stikstof metabolisme hebben invloed op veel aspecten van de 
levenscyclus van micro-organismen. Een relatie tussen stikstof metabolisme en 
vruchtlichaam initiatie / ontwikkeling is duidelijk aangetoond. Alle geïsoleerde en 
beschreven genen zijn betrokken bij het ureum metabolisme en hebben een belangrijke rol 
in de koolstof- en stikstofhuishouding van het zich ontwikkelende vruchtlichaam, vooral 
in de latere stadia van ontwikkeling. De genen gekarakteriseerd in dit onderzoek kunnen 
zeer nuttig zijn in toekomstige studies, zowel praktijk gericht als fundamenteel, naar de 
biologie van de champignon of basidiomycete schimmels. De genen kunnen ingepast 
worden in een op genen gebaseerde merkerkaart waaraan industrieel interessante 
eigenschappen zijn gekoppeld (of gekoppeld zullen worden) zodat deze makkelijker te 
selecteren zijn in veredelingprogramma's. 
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Nawoord 
‘Mission accomplished’. Niet dat de wereld nu geschokt wakker wordt bij het 
gereedkomen van dit boekje of dat we nu met een nieuwe bril tegen het 
stikstofmetabolisme van de champignon aankijken en een revolutie gaan meemaken. Maar 
voor mijzelf! Met het gereedkomen van dit proefschrift breekt er weer een nieuwe periode 
aan, al klinkt het voor mijzelf een beetje vreemd na al die gedane arbeid nu pas echt aan 
het werk te kunnen.  
Na een korte periode werkzaam geweest te zijn in een goed ingericht en uitgerust 
laboratorium begon mijn promotie onderzoek in de rommel Boerderij van het 
Laboratorium voor Microbiologie. Gedurende mijn aanstelling veranderde ‘de Boerderij’ 
in een efficiënt moleculair biologisch lab met hightech fermenteer faciliteiten. Ik denk dat 
sommige nog met weemoed terugkijken op de periode dat in de Boerderij nog een 
workshop ‘Laboratorium knutselen’ voor huisvrouwen een goed lopend bedrijf geweest 
zou zijn.  
Mijn periode als promovendus was ook niet-geheel zonder gevaren. Relatief ongevaarlijke 
pesterijtjes met zwaveldampen, een continue brand/explosie gevaar van CS2 en dan nog 
de methaangas aanvallen (die als je niet uitkeek intraveneus werd ingespoten; Hasna) 
werden dagelijks getrotseerd. Ook de destructiedampen van onze hydro-gnoom collega’s 
geboden het om op bepaalde dagen niet te lang te blijven hangen.  
Het is duidelijk dat de diversiteit aan onderzoek die op de afdeling liep een bond 
gezelschap bezigde en een enerverende gezellige ervaring bood. Ik heb hier dan ook 
bijzonder van genoten. Ook de openheid om elkaar te helpen bij het theoretiseren en 
praktiseren van de experimenten wil ik als zeer waardevol prijzen. Bas, Ashna, Katinka, 
Markus, Marc, Willem, Irina, Suzanne, Boran, Laura, Arjan, Wim, Brigitte, Theo, 
Eveline, Linda en Jan. Ik hoop dat ook ik mijn bijdrage heb kunnen geven. Peter 
Steenbakkers, Chris van der Drift, Harry Harhangi en John Hermans wil ik bijzonder 
danken gezien hun input in mijn promotie onderzoek, jullie hebben mij vaak en goed 
geholpen. 
Veel plezier heb ik gehad in het begeleiden van stagiaires en doctoraal studenten. De 
inzet, en onbevangenheid waarmee zij in het onderzoek geparticipeerd hebben is van 
wezenlijk belang geweest voor het tot stand komen van dit proefschrift. Ik hoop dan ook 
dat zij met evenveel plezier aan deze periode terug denken als ik. Nanning Takes, Jelle 
Wellagen, Germaine Penders, Monique van Lieshout, Roy Ummels, Willem Welboren, 
Karin Verwegen, Vladimir van Hoek, Sujatha Shankar en ook de research praktikanten 
die ik niet bij naam noem. Willem is na zijn afstuderen nog een enorme steun geweest 
toen hij als toegevoegd onderzoeker op het project meewerkte en zo een enorme bijdrage 
aan het onderzoek heeft geleverd. Ook zijn kennis en ervaring met computers is menig 
keer van pas gekomen wanneer onze computers het weer op onverklaarbare wijze lieten 
afweten. Het was een bijzonder prettige ervaring dat iemand samen met jou aan het 
project werkt. Ook Thierry Tonon met wie ik een drietal maanden samen aan het project 
heb mogen werken ben ik hier dankbaar voor. Thierry, it was nice to have you on the 
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project. It is a pity that is was only such a short time. I hope you enjoyed your staying in 
Holland, and that the visit to our lab added up to your expectations. 
Gedurende mijn aio-project is succesvol samengewerkt met Praktijkonderzoek Plant en 
Omgeving te Horst (voorheen Proefstation voor Champignoncultuur) en het Horticulture 
Research Instite te Wellesbourn UK. Met de onderzoeksgroep uit Horst bestonden de 
activiteiten uit geregelde werkbezoeken en werkbesprekingen. Johan Baars en Anton 
Sonnenberg wil ik hierbij speciaal danken voor hun bijdrage in het 
theoretiseren/praktiseren van mijn onderzoek en het leveren van de verschillende 
materialen, maar bovenal voor de prettige samenwerking. 
Een nauwgezette e-mail communicatie en een werkbezoek aan de Fungal Biotechnology 
Group, University of Warwick (Warwick HRI), leverde een goede praktische ervaring en 
resulteerde in gezamenlijke publicaties. A special word to Daniel Eastwood and Kerry 
Burton. I very much enjoyed our collaborations which resulted in your co-authorization 
on three chapters of my thesis. I very much appreciated the discussions we had on the 
occasions we met. I very much enjoyed the visit at your lab and my staying at Dan’s 
place. 
Dat ik de mogelijkheid heb gekregen om te promoveren heb ik natuurlijk te danken mijn 
co-promotor, Huub Op den Camp en de toenmalige Professor Fried Vogels, omdat zij mij 
geselecteerd hebben uit het schier onmogelijke aantal sollicitanten. Dat ik het tot een goed 
einde heb kunnen brengen dank ik aan de promotores en co-promotor: Leo van Griensven, 
Mike Jetten en Huub Op den Camp. De vrijheid die ik gekregen heb om het onderzoek uit 
te voeren en de grote hoeveelheid aan adviezen, die ik dan wel of niet opgevolgd heb (die 
ik misschien maar beter allemaal had moeten volgen), hebben mij enorm veel geleerd. We 
waren (en zijn) het vaak met elkaar eens, waardoor werkbesprekingen en discussies vaak 
onderhoudend werden. 
Ten slotte, de belangrijkste aangevers in mijn leven: mijn Vader en Moeder, die mij de 
rust en de tijd hebben gegeven om verder te studeren en mij hebben kunnen laten groeien; 
mijn vrouw Clarine, voor de liefde, het vertrouwen en de steun. Wat betreft de (schoon) 
familie en vrienden, misschien is dit boekje geschreven voor jullie. Jullie hebben je vaak 
afgevraagd wat ik nou precies deed en wanneer het nu eindelijk eens af zou komen. Hier 
nu, en lees zelf maar….  
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